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LETTER  OF  TRANSMITTAL 

To  His  Excellency 

THE  HONORABLE  EARL  WARREN 
Governor  of  the  State  of  California 

Sir :  I  have  the  honor  to  transmit  herewith  Bulletin  Kil,  (icohxjn  of 
lh(  Ifcahlsbnrfj  (Quadrangle,  California,  prepared  under  the  direction  of 
( )laf  P.  Jenkins,  Chief  of  the  Division  of  Mines,  Department  of  Natural 
Resources.  The  report  is  accompanied  by  a  detailed  geologic  map  of  the 
(juadi'an^le  described.  litliograj)hed  in  colors,  and  represents  one  of 
the  results  of  the  Division's  program  of  basic  mapping  in  the  State. 
The  descriptions  are  illusti-ated  by  ])ertinent  photograplis  and  charts. 
The  author,  AVilliam  Kelso  (Jealey,  prepared  the  map  and  repoi-t  as  a 
Doctor's  thesis  at  Cornell  Cniversitv.  It  covers  a  region  in  the  northei'ii 
(Joast  Ranges,  including  an  interesting  section  of  the  Russian  River. 
Kconomic  deposits  of  (piicksilver,  sand  and  gravel,  and  crushed  rock,  as 
W(>I1  as  other  deposits  of  potential  value  are  described. 

Together  with  this  rei)ort  is  i.ssued  another  paper,  Mineralogy  of  the 
California  Olaucophaiie  Schists.  The  author,  George  Switzer,  prepared 
this  report  while  he  was  associated  with  Harvard  University  and  later 
as  a  member  of  the  staff  of  the  Smithsonian  Institution.  The  minerals 
which  are  described  arc  of  considerable  scientific  interest  and  distinctive 
of  the  California  Coast  Ranges  province.  Since  most  of  these  mineral 
deposits  occur  within  the  Healdsburg  quadrangle,  this  report  is  included 
with  the  geologic  description  and  map  of  the  area. 

Bulletin  161  should  fill  a  long  felt  need  for  geologic  and  mineralogic 
information  about  Sonoma  County  in  particular,  and  the  northern  Cali- 
fornia Coast  Ranges  in  general. 

Respectfully  submitted, 

Warren  T.  Hannum,  Director 
May  23, 1951  Department  of  Natural  Resources 


(3) 

82^39 


CONTENTS 


Page 


Geology  of  the  Ileahlsbiirg  Quadrangle,  California,  by  William  K. 
Gealey  7 

Mineralogy  of  the  Califoiiiia  Glaucophane  Schists,  by  George 

Switzer    51 


PLATES 

Plate  1.  Geologic  map  of  the  Healdsburg  quadrangle,  California In  pocket 

2.  Photo  of  Russian  River  area,  8  miles  south  of  Healdsburg 22-23 

.'{.  Structure  sections In  pocket 

4.  Diastrophir  events In  ixx-kft 


r».  A,   Small  anticline  in  thick-bedded  Franciscan  sandstone.  B,  Cre- 
tact'Diis   (  V)   cobble  onglomerate  with  arkose  sandstone  lenses 


•)•>      O" 

.»—-•>.» 


(i.  .1,  Cit'tacenus  (  V)  shale  and  siltstone  body  iuterbedded  in  con- 
glomerate, li.  View  north  along  ridge  top  west  of  Little  Sulphur 
Cre^k P>2-^^ 

7.  .1,   Sdutli  face  of  I'.iack  Mountain  showing  landslide  scar.  B.Closoui) 

ol"  Franciscan-Tertiary   (V)  fault  contact  along  Little  Sulphur 

fault 32-33 

8.  Shale  layers  squeezed  into  shear  sets  in  massive  Franciscan  sand- 
stone             32-33 


(5) 


GEOLOGY  OF  THE  HEALDSBUEG  QUADRANGLE, 

CALIFORNIA  - 

By  William  Kelso  Gealbt  •* 

OUTLINE  OF  THE   REPORT 

Page 
ABSTRACT 7 

INTRODUCTION  9 

STRATIGRAPHY 10 

Franciscan  group 12 

Upper  Jurassic 19 

Knoxville  formation 19 

Cretaceous    20 

Tertiary    21 

Sonoma  group 22 

Merced  formation 24 

Quaternary 25 

Fanglomerate  25 

Terraces    25 

Alluvium 26 

Landslides    28 

STRUCTURE 28 

Folds 28 

Faults  32 

GEOMORPHIC  EVOLUTION 41 

MINERAL  RESOURCES 45 

GEOLOGIC  HISTORY 47 

REFERENCES    48 

Illustrations 

Figure  1.  Index  map  showing  location  of  the  Healdsburg  quadrangle, 

California  8 

2.  Stratisraphic  section  of  the  Healdsburg  quadrangle,  California  11 

3.  Sketch  map  of  perched  alluvium  at  Hill  School 27 

Plate    1.  Geologic  and  economic  map  of  the  Healdsburg  quadrange, 

California    In  pocket 

2.  Photo  of  Russian  River  area,  8  miles  south  of  Healdsburg 22-2.S 

3.  Structure  sections In  pocket 

4.  Diastrophic  events In  pocket 

5.  -1,  Small  anticline  in  thick-bedded  Franciscan  sandstone,  B,  Cre- 

taceous (V)  cobble  conglomerate  with  arkose  sandstone  lenses  ;)2-;'3 

6.  A,  Cretaceous   (?)   shale  and  siltstone  body  interbedded  in  con- 

glomerate, B,  View  north  along  ridge  top  west  of  little  Sulphur 

Creek .•?2-:'.:{ 

7.  A,  South   face  of   Black   Mountain   showing   landslide  scar.   B, 

riosciip  of  Franciscan-Tertiary  (?)  fault  contact  along  Little 

Sulphur  fault   __. ."i^-.'W 

8.  Shale  layers  squeezed  into  shear  sets  in  massive  Franciscan  sand- 

stone      ,",2:^3 

ABSTRACT 

The  Upper  Jurassic  Franciscan  group,  Upper  Jurassic  Knoxville  foniifition. 
Cretaceous  (?)  conglomerate,  Tertiary  (?),  late  Pliocene  Sonoma  gioui>.  late  Plio- 
cene Merced  formation,  and  Quaternary  fanglomerate,  terrace  deposits,  and  alluvium, 
are  exposed  in  the  Healdsburg  quadrangle. 

*  This  report  represents  a  portion  of  a  dissertation  accepted  for  the  reciiiirements 
of  the  degree  of  Doctor  of  Philosophy  in  Geology,  In  the  Graduate  Division  of  Cornell 
University,  Ithaca,  New  York. 

**  Geologist,  Standard  Oil  Company,  Taft,  California. 
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Several  episodes  of  folding'  and  fjuiltiiiK  have  occurred.  Post-Knoxville  warping, 
probal)l.\  with  gentle  foIdiiiK.  is  first  indicated,  followed  by  a  major  folding  with  a 
X.  70°  W.  trend  affectinj,'  the  Mesozoic  rocks  before  late  Pliocene  and  referred  to  the 
upiTi'r  Eocene  and  Oligocene  interval.  Minor  folding,  considered  as  lower  Pleistocene, 
followed  deposition  of  the  Sonoma  and  Merced  formations.  The  earliest  faulting,  dur- 
ing which  two  grabens  were  produced  at  Ilealdsburg,  succeeded  the  major  folding  and 
is  referred  to  the  iijipei-  Eocene  and  Oligocene  interval  or  later.  Dip-slip  faults,  con- 
sidered as  middle  I'leistocene,  trend  N.  40°  W.,  and  were  formed  during  the  early 
stages  of  uplift  of  the  present  ranges.  Finally,  a  system  of  closely  spaced  major  strike- 
slip  faults  trending  N.  40°  W.  has  fragmented  the  area.  Activity  along  this  system  may 
have  started  in  the  middle  IMeistocf  ne  ;  it  has  continued  to  the  present.  The  movements 
have  been  largely  horizontal  and  of  a  right-lateral  type.  Minor  upward  movements  of 
the  southwest  sides  also  occurred.  The  strike-slip  system  is  considered  to  be  the 
important  control  of  present  topography  and  drainage  in  the  northern  Coast  Ranges. 

rplift  of  the  ranges  since  middle  Pleistocene  is  reflected  by  a  warped  erosion 
surface,  Iiy  wave-cut  terraces  along  the  nearby  Pacific  Coast,  and,  in  the  latest  stages, 
by  a  series  of  terrace  levels  along  the  Russian  River. 

Quicksilver  is  at  present  being  produced  from  the  Mount  Jackson  mine,  which, 
over  the  yeai-s,  has  accounted  for  a  large  share  of  the  mineral  production  of  Sonoma 
County.  Sand,  gravel,  and  crushed  rock,  suital>le  for  construction  purposes,  are  readily 
available  within  the  quadrangle,  and  seven  companies  exploit  them  commercially. 
Many  other  valuable  rocks  and  minerals  are  present,  but  in  amounts  too  small  to  be 
commercial. 


KiCii'Bii;    I.     liiUx  map  shovvingr  location  of  Healdsburg  quadrangle  relative  to  the  nine 
gfjologic  quadratigles  publi-shed   in  Division  of  Mines  Bulletin   149    (shaded)  ;   the   St. 

Helena  quadrangle  is  now  in  preparation 
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INTRODUCTION 

Field  work  upon  wliidi  this  report  is  based  was  done  durin?  a  short 
interval  in  September  1947,  from  June  to  September  1948.  and  from 
July  to  October  1949.  jMajipini?  was  done  on  aerial  photojiraphs,  scale 
approximately  1  :2().()()() ;  field  mappinpr  was  reduced  to  the  scale  1  :()2,r)0{), 
and  ])l()tted  on  the  U.  S.  Geolojjical  Survey  topofjjraphic  map  of  Ileahls- 
burjr  quadrangrle. 

For  their  kind  assistanee  in  tbis  project,  tbe  writer  wishes  to  thank 
Dr.  C.  M.  Nevin  and  Dr.  J.  W.  Wells  of  Cornell  University;  Dr.  N.  L. 
Taliaferro  and  Dr.  J.  Wyatt  Durham  of  the  University  of  California; 
Dr.  Olaf  1*.  Jenkins  and  Dr.  Gordon  B.  Oakeshott  of  the  California  State 
Division  of  Mines;  and  the  ranchers  and  townspeople  in  the  Ilealdsburg 
area.  Financial  assistance  was  given  by  the  Shell  Oil  Company  fellow- 
ship in  peolo^'y  during  tiie  two  years  the  writer  spent  at  Cornell  1  Uni- 
versity. 

The  Ilealdsburg  quadrangle  covers  the  area  38"  80'  to  38°  45'  N.  and 
122°  4.V  to  123°  W.,  Mount  Diablo  Base  and  Meridian.  Ilealdsburg, 
located  nearly  in  the  center  of  the  qnadrangle,  is  63  miles  northwest  of 
San  Francisco  and  18  miles  east  of  the  Pacific  Ocean. 

Four  topographic  nnits,  which  directly  reflect  late  Cenozoic  struc- 
tural evolution,  are  repre.sented  within  the  quadrangle.  The  mountains 
west  of  Dry  Creek  are  the  southward  extension  of  the  jNIendocino  Range, 
or  Mendocino  Plateau.  Summit  elevations  are  remarkably  consistent, 
grading  from  1,000  feet  just  west  of  Dry  Creek  Valley  to  1,940  feet  near 
the  southwestern  corner  of  the  quadrangle.  The  western  front  of  the 
Mayaemas  Mountains,  in  the  northeastern  portion  of  the  quadrangle,  is 
a  region  of  rugged  topography,  rising  from  200  feet  at  Alexander  Valley 
to  3,1  If)  feet  at  Black  Mountain.  The  narrow  band  of  low  hills  (summit 
elevations  700  to  1,000  feet)  that  separates  Alexander  and  Dry  Creek 
Valleys  is  a  distinct  topographic  unit  within  the  Ilealdsburg  quad- 
rangle. The  southeastern  half  is  the  northern  end  of  the  Sonoma  Moun- 
tains ;  the  northwestern  half  is  a  part  of  the  ]\Iendocino  Range.  It  loses  its 
identity  just  north  of  the  Healdsburg  quadrangle  by  blending  into  the 
Mendocino  Plateau.  The  broad  flat  in  the  southeastern  portion  of  the 
quadrangle  is  the  northern  extremity  of  Tilano  de  Santa  Rosa,  which  in  its 
entirety  is  nearly  22  miles  long,  and  7  miles  in  maximum  width;  its  sur- 
face is  at  an  elevation  of  about  100  feet.  Llano  de  Santa  Rosa  connects 
through  a  low  gap  at  Penngrove  with  Petaluma  Valley,  which  in  turn 
joins  San  Pablo  Bay.  Exeej)t  for  its  southernmost  tip,  which  is  drained  by 
Petaluma  Creek  into  San  I'ablo  Bay,  the  Llano  drains  northward  into 
Ru.ssian  River. 

The  entire  area  of  Healdsburg  qnadrangle  is  in  the  Russian  River 
drainage  area.  Within  the  ((uadrangle  itself,  the  Russian  River  changes 
fi-om  the  eour.se  which  it  has  maintained  .southeastward  for  nearly  50 
miles,  to  swing  due  south  along  the  northwestern  edge  of  Llano  de 
Santa  Rosa,  then  flows  westward  through  a  deep  canyon  in  the  Mendo- 
cino Plateau,  to  reach  the  Pacific  Ocean. 

Some  geological  work  bearing  directly  upon  the  geology  of  the 
Healdsburg  area  has  been  done.  Osmont  published  two  cross-sections  of 
the  northern  Coast  Ranges  between  the  Pacific  Ocean  and  the  Great  Val- 
ley, the  northern  of  which  passes  through  the  southeastern  corner  of 
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Ileaklsbur^'  quadrangle.^  ITohvay,^  in  a  study  of  the  Russian  River  drain- 
age, described  many  geomorphie  features  in  the  quadrangles ;  his  con- 
clusions regarding  the  development  of  the  present  Russian  River  are 
strong!}'  supported  by  data  in  the  present  report.  Dickerson  ^  published 
geologic  maps  of  the  Santa  Rosa-Petaluma-Point  Reyes  area,  south  of 
Ilealdsburg ;  his  check  list  of  Merced  fauna  includes  a  description  of  the 
Wilson  Grove  fossil  locality,  which  is  in  the  Ilealdsburg  quadrangle. 
Watson  *  has  mapped  the  geology  of  the  central  third  of  Healdsburg 
quadrangle;  his  map  has  been  in  part  incorporated,  ^vith  modifications, 
into  the  geological  map  of  the  present  report;  it  inc-ludcd  work  done  by 
]\Iurray  Nadler  in  the  Geyser ville  syncline  between  Lytton  and  Canyon 
School. 

F.  A.  Johnson^  mapped  northward  from  Dickerson 's  area,  filling 
the  geological  gap  to  the  south  edge  of  the  Healdsburg  quadrangle.  An 
investigation  of  quicksilver  deposits  of  the  region  by  the  U.  S.  Geological 
Survey  is  the  most  recent  work  that  has  been  done.  E.  H.  Bailey's  ^  paper 
on  the  western  Mayacmas  quicksilver  district  includes  a  geologic  map 
which  covers  the  northeastern  corner  of  Healdsburg  quadrangle  (Black 
Mountain  and  Pine  Flat)  and  an  extensive  area  adjoining  to  the  north- 
east. Myers  and  Everhart  '^  studied  in  detail  the  ]\Iount  Jackson-Great 
Eastern  mine,  north  of  Guerneville,  and  included  in  their  report  a  surface 
map  of  the  immediate  vicinity.  The  geology  as  mapped  by  Bailey  and  by 
Mj'ers  and  Everhart  is  substantially  that  sliown  on  the  present  geologic 
map. 

STRATIGRAPHY 

Many  types  of  sedimentary  and  igneous  rocks  crop  out  within 
Healdsburg  quadrangle.  These  are  limited  in  age,  with  the  probable 
exception  of  one  conglomerate,  to  late  Mesozoic  and  late  Cenozoic. 
Between  these  two  widely  separated  times,  no  deposition  is  recorded.  The 
bulk  of  the  rock  which  composes  the  Mendocino  Plateau,  the  Mayacmas 
Mountains,  and  the  north  part  of  the  low  hill  belt,  belongs  in  the  Upper 
Jurassic  Franciscan  group,  the  uppermost  Jurassic  Knoxville  formation, 
and  a  probable  Upper  Cretaceous  group.  The  southern  portion  of  the 
central  hill  belt  and  the  north  end  of  Llano  de  Santa  Rosa  are  covered  by 
Pliocene  sediments  and  volcanics  of  the  Sonoma  group,  and  the  Merced 
formation,  a  local  marine  facies.  Conglomerate  and  siltstone  of  uncertain 
age,  probably  Tertiary,  and  older  than  the  Sonoma  group,  are  preserved 
in  a  graben  along  Little  Sulphur  Creek.  Quaternary  deposits  are  fan- 
glomerates,  valley  fill,  and  river  terraces  along  present  drainage. 

1  Osmont,  V.  C,  A  geological  section  of  the  Coast  Ranges  north  of  the  bay  of 
San  Francisco:   Univ.  California,  Dept.  Geol.   Sci.  Bull.,  vol.   4,  no.   3,  pp.   39-87,   1905. 

-  Holway,  R.  S.,  The  Russian  River,  a  characteristic  stream  of  the  California  Coast 
Ranges:   Univ.  California,  Pub.  Geography,  vol.  1,  no.  1,  pp.  1-UO,  1913. 

3  Dickerson,  R.  E.,  Tertiary  and  Quaternary  history  of  the  Petaluma,  Point  Reyes, 
and  Santa  Rosa  quadrangles,  California:  California  Acad.  Sci.  Proc,  vol.  11,  pp.  527- 
(iOl,  1922. 

*  Watson,  S.  E.,  The  geology  of  part  of  the  Healdsburg  quadrangle,  northern  Coast 
Ranges,  Sonoma  County,  California :  Unpub.  Master's  thesis,  Univ.  California,  Berke- 
ley, California,  19  41. 

^Johnson,  P.  A.,  Petaluma  region:  California  Div.  Mines  Bull.  118,  pp.  622-627, 
1943. 

8  Bailey,  E.  H.,  Quicksilver  deposits  of  the  western  Mayacmas  district,  Sonoma 
County,  California:   California  .lour.  Mines  and  Geology,  vol.  42,  pp.  199-230,  1946. 

"  Myers,  W.  B.,  and  Everhart,  D.  L,.,  Quicksilver  deposits  of  the  Guerneville  dis- 
trict, Sonoma  County,  California :  California  Jour.  Mines  and  Geology,  vol.  44,  pp.  253- 
277,  1948. 
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Franciscan  Group 

The  Franciscan  group,  the  oldest  in  the  region,  is  exposed  over  more 
than  two-thirds  of  the  quadrangle.  In  addition,  it  probably  underlies 
much  of  the  area  in  which  the  Sonoma  group  is  exposed  at  the  surface. 

The  Franciscan  group  is  an  assemblage  of  clastic  and  chemical  sedi- 
ments, and  intrusive  and  extrusive  igneous  rocks ;  it  also  includes  some 
pneumatoh'tic  metamorphic  rocks  developed  from  the  other  types. 
Within  the  area  mapped,  the  assemblage  is  nearly  20,000  feet  thick;  it 
is  typically  developed,  resembling  closely  the  Franciscan  as  described  by 
Lawson,*^  Davis,^  and  Taliaferro.^** 

Sandstone,  Shale,  and  Conglomerate.  Sandstones  of  the  Franciscan 
group  in  Ilealdsburg  quadrangle  are  arkosic,  firmly  cemented,  angular, 
and  medium  to  coarse-grained.  Fresh  specimens  are  gray  to  greenish 
gray;  weathered  specimens  are  buff  or  brown.  Major  constituents  are 
quartz,  which  is  most  plentiful,  fresh  plagioclase,  and  some  orthoclase; 
muscovite  and  biotite  flakes  and  carbonaceous  fragments  are  common ; 
small  flattened  clay  pellets  and  flecks  are  characteristic.  In  the  coarsest 
sands,  detrital  black  chert  grains  are  an  important  constituent. 

Much  of  the  sandstone,  particularly  from  the  micldle  third  of  the 
Franciscan  as  exposed,  shows  no  bedding  whatsoever,  so  that  the  dip  may 
have  to  be  ascertained  by  close  examination  of  fiat  shale  flakes;  and  if 
shale  flakes  are  absent  or  are  very  small,  tlie  dip  may  be  unobtainable. 
Indeed,  attempts  to  determine  the  attitude  in  several  large,  clean  expo- 
sures of  massive  sandstone  completely  failed.  Very  rarely  can  top  and 
bottom  of  beds  be  distinguished. 

The  massive  sandstones  are  tyiucally  the  coarsest;  grains  as  nnicli  as 
2  millimeters  in  diameter  are  present  in  a  thick  body  in  the  i-idge  north 
of  Porter  Creek.  More  commonly,  the  sandstones  are  thick  bedded,  and 
contain  thin  intercalations  of  dark  gray  silty  shale  at  intervals  of  from 
1  foot  to  4  feet.  In  the  lower  and  upper  thirds  of  the  Franciscan  section 
as  exposed,  silt  and  shale  are  prominent,  and  the  rock  is  compi'ised  of 
alternating  2-  to  4-inch  sandstone  beds  and  1-  to  2-inch  shale  beds.  Finer 
elastics  in  the  Franciscan  are  dark  gray  silty  carbonaceous  shales,  and 
some  comi)act  highly  carbonaceous  sluiles. 

In  the  Ilealdsburg  quadrangle,  Franciscan  conglomerates  are  un- 
common; one  fragmentary  mass  exists  within  the  fault  zone  along  the 
north  branch  of  Saysal  Creek;  a  second  is  present  in  a  fault  zone  along 
Franz  Creek  just  east  of  the  quadrangle  boundary;  and  a  thin  bed  of 
pea  gravel  crops  out  north  of  Little  Sulphur  Creek.  The  conglomerate 
pebbles  range  from  1  inch  to  6  inches  in  diameter ;  the  matrix  is  a  typical 
Franciscan  arkosic  sandstone.  The  pebbles  are  predominantly  siliceous 
porphyries,  but  a  few  are  diabase  and  basalt  of  Franciscan  age.  The  pea 
gravel  is  composed  of  equal  proportions  of  black  and  milky  white  vein 
quartz. 

Crushing  has  been  extreme  in  the  Franciscan  sediments.  Small  move- 
ments along  many  shear  fractures  have  reduced  much  of  the  massive 
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sandstone  to  small,  smooth  iozcii^'es.  Thin  shales  in  thick-lx'dtled  sand- 
stones have  been  s(|neezed  alonir  the  shears  at  sharji  anjrles  to  the  orijrinal 
l)eddin^'.  At  one  locality  a  siiale  layer  2  inches  thick  was  squeezed  several 
feet  into  two  shear  sets  to  form  a  perfect  "X"  in  the  massive  sandstone. 

The  elastics  are  by  far  the  most  ]>lentifnl  constituent  of  the  Fran- 
ciscan <ri-onp  as  a  whole.  In  the  area  majiped,  nnaltered  chistics  atrfrregate 
some  12.000  feet  in  thi<'kness;  the  <i:lanc«)pliane  and  related  schists  are  in 
larjre  part  altered  sandstone,  so  an  ori<rinal  thickness  of  16,000  feet  of 
exposed  shale  and  sandstone  is  indicated.  The  base  of  the  jijronp  is  not 
exposed. 

Sonrce  of  the  material  was  j^ranodiorite  of  a  hi};hland  area  west  of 
the  ])resent  coast  line;  climate  of  the  source  area  was  i)i-obably  cool  and 
moist." 

Cherts.  Cherts  are  present  at  several  horizons  in  the  upper  half  of 
the  Franciscan  ^'roup.  rythmically  interbedded  with  thin  siliceous  siiale. 
Individual  chert  beds  avera<re  about  2  inches,  ])nt  may  be  as  much  as  fi 
inches,  in  thickness;  the  more  extensive  chert  bodies  are  from  50  to  200 
feet  thick.  Red  is  the  prevailinor  color,  but  green  and  white  are  common 
either  in  spots  or  as  thin  borders  ahmg  fractures,  indicatinir  local  reduc- 
tion of  ferric  iron.  The  cherts  Mre  shattered,  and  the  cracks  ari^  filled  with 
white  (|uartz.  Some  man<iane.se  is  ]n-esent  as  stains  and  incrustations  of 
black  oxide.  A  thin  section  shows  the  bodj'  of  the  chert  to  be  amorphous 
silica,  containing  abundant  tiny  latlis  which  appear  to  be  zoisite.  IJadio- 
laria  are  scattered  thickly.  l)nt  the  tests  have  been  recrystnllizcd  to  form 
a  (piartz  nmsaic.  According  to  Davis/-  the  clierts  were  formed  by  ilei)osi- 
tion  of  colloidal  silica  from  sui)ersaturated  sea  water,  the  silica  being 
furnished  in  emanations  fnmi  submarine  volcanic  springs  and  lava  ont- 
wcllings.  "Whei'cver  expo.sed  in  the  area  ma|)])ed,  the  cherts  are  strati- 
prapliically  either  <-lose  to.  in  contact  with,  or  included  in  greenstone. 

The  chert  bed  that  crops  out  along  the  ridge  crest  south  of  Dorman 
Canyon  is  the  only  persistent  one  in  the  Ilealdsburg  (piadrangle.  Other 
occurrences,  as  in  Saysal  Canyon,  may  represent  renniauts  of  extensive 
bodies,  but  fragmentnl inn  in  the  fault  zones  has  left  only  small  discon- 
tinuous patches  expo.sed. 

Orrensfonr.  The  term  "greenstone"  has  been  widely  used  t )  desig- 
nate the  tine-grained  igneous  rocks  of  the  Franciscan  group.  ]\Iany  of  these 
rocks  are  so  greatly  altered  that  they  cannot  be  identified  microscopically. 
Others,  though  nearly  fresh,  are  so  fine-grained  they  cannot  be  classified 
in  the  field.  The  gi-eenstone  as  mapi>ed  includes  basalt,  fine-grained  dia- 
base flows,  dikes,  sills,  and  a  very  small  amount  of  agglomerate. 

In  the  rugged  terranes  the  greenstones  form  massive,  resistant 
ridges  with  precipitous  slopes  At  lower  elevations,  however,  tliey  may 
underlie  gently  rounded  hills,  the  igneous  composition  of  which  is  indi- 
cated only  by  the  characteristic  i-eddish  soil  and  scattered  small  fragments 
of  bedrock. 

Thick  greenstones  are  associated  with  the  diabase-gabbro  sill  that 
underlies  Bradford  Mountain.  Thin  sections  show  two  ty]ies  of  green- 
stone, basalt  and  dacite;  but  these  could  not  be  distinguished  in  the  field. 

1'  Taliaferro,  X.  L.,  Franciscan-Knoxville  problem  :  Am.  Assoc.  Petroleum  Geol- 
ogists Bull.,  vol.  liT,  pp.   109-219,  1943. 

^- Davis,  E.  F.,  The  radiolarian  cherts  of  the  Franciscan  group:  Univ.  California, 
Dept.  Geol.  Sci.  Bull.,  vol.  11,  no.  :5.  pp.  235-4.32,  1918. 
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Tho  basnlts  ai'o  dense,  dark  preenisli  <2ray  and  aplianitie,  and  are 
strunyl}'  sheareil.  They  have  been  albitized  and  silieified  by  the  intrusion 
of  gabbro,  so  that  the  original  texture  has  been  destroyed.  The  I'oek  now 
shows  thin  albite  laths,  magnetite  granules,  and  epidote-ehlorite  clusters 
scattered  through  a  groundmass  partly  recrystallized  to  quartz.  Amyg- 
dules  of  calcite,  chlorite,  and  actinolite  are  present. 

The  dacites  are  dense,  dirty  tan  to  dark  gray,  highly  altered  por- 
phyries. In  thin  section,  embayed  phenocrysts  of  quartz,  orthoclase,  and 
oligoelase  may  be  seen  in  a  recrystallized  groundmass  of  quartz.  A  single 
grain  of  augite  was  noted  in  one  specimen.  Tiny  veinlets  of  calcite, 
chalcedony,  opal,  and  in  one  case  sphalerite  and  malacite,  cut  the  ground- 
mass. 

The  greenstones  are  present  both  above  and  below  tlie  sill,  the  por- 
tion above  showing  a  few  thin  gabbro  dikes  along  Pena  Creek.  Contact 
with  the  diabase  phase  of  the  sill  is  so  difficult  to  detect  that  the  whole 
igneous  mass,  excepting  coarse  gabbro,  has  been  mapped  as  one  unit.  This 
same  igneous  group  croi)s  out  in  a  syncline  at  the  mouth  of  Porter  Creek, 
and  the  assemblages  at  the  two  localities  are  considered  to  lie  in  tlie  same 
general  stratigraphic  position. 

Greenstones  along  Mill  Creek  and  upper  Porter  Creek  are  altered 
basalts.  The  greenstones  so  extensively  exposed  along  the  mountain  front 
east  of  xVlexander  Valley  are  all  flow  rock  iji  which  amygdaloidal  zones 
occur.  Thin  sections  of  the  dark  red  aplianitie  rock  that  forms  the  ridge 
crest  south  of  Saysal  Canyon  reveal  a  thoroughly  albitized  basalt,  in 
which  the  original  material  has  been  altered  completely  to  slender  radiat- 
ing albite  aggregates  and  sphene  clusters  in  a  calcite  matrix.  Cranular 
nuignetite  is  scattered  profusely  throughout.  This  rock  is  cut  by  veinlets 
of  calcite,  chlorite,  and  chrysotile ;  vesicles  have  been  filled  by  calcite, 
chlorite,  chalcedony,  and  siderite. 

Bailey  '^  has  described  the  igneous  rocks  which  form  tlie  summit  of 
Black  iMountain.  The  ui)])er  (northeastern)  jiortion  is  comi>o.sed  of  a 
resistant  agglomerate  somewhat  more  siliceous  than  basalt,  underhiiu  by 
fine-grained  tuffs  in  part  silieified.  The  lower  portion  is  diabase  with 
some  gabbro  developed  locally  ;  it  ajipears  to  be  intrusive.  Here,  again,  is 
an  assemblage  very  like  that  of  Bradford  Mountain. 

All  the  greenstones  are  veined  by  chalcedony  and  calcite,  and  at  one 
locality  by  cross-fiber  chrysotile.  Flow  structure  is  absent,  so  attitudes 
can  be  determined  with  confidence  only  where  cherts  are  closely  associ- 
ated with  the  massive  greenstones.  Pillow  structure,  which  is  common 
in  Franciscan  extrusives  elsewhere,  was  recognized  at  only  one  place  in 
the  Ilealdsburg  (puidrangle — a  small  ex]iosure  in  the  tributarv  to  Porter 
Creek,  in  the  NE]  sec.  IM,  T.  8  N.,  R.  10  W.  Bailey  reports  that  pillow 
structure  is  also  connnon  in  a  greenstone  belt  immediately  to  the  east  of 
the  quadrangle. 

The  structureless  character  of  the  igneous  bodies  precludes  accu- 
rate thickness  detei-minations.  Maximum  thickness  at  Bradford  Moun- 
tain is  estimated  to  be  1,500  feet;  at  the  mouth  of  Porter  Creek  1,000  to 
1,500  feet;  along  the  mountain  front  east  of  Alexander  Valley  a  maxi- 
mum of  8.200  feet ;  and  on  Black  Mountain  at  least  2,400  feet.  Thickness 
changes  rapidly  along  strike. 

i»  Bailey,  E.  H.,  Quicksilver  deposits  of  the  western  Mayacnias  district,  Sonoma 
County,  California:   California  .lour.  Mines  and  Geology,  vol.  42,  pp.  199-2,'?0,  1946. 
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The  frrreiistones  are  cliaraeteristic  of  tlie  upper  half  of  the  Fran- 
ciscan, and  are  most  widely  developed  near  the  Franeiscan-Knoxville 
contaet.  In  addition  to  the  localities  already  mentioned,  numerous  small 
fjrcenstone  bodies  are  present  as  isolated  fragments  in  the  major  fault 
zones. 

Amyjjrdaloidal  structure,  locally,  in  the  ma.ssive  greenstones,  and  the 
association  with  tuffs  and  agglomerates  indicate  the  effusive  nature  of 
the  group.  The  intimate  association  with  radiolarian  cherts  places  the 
environment  as  submarine,  at  least  in  large  part. 

dahhid  and  Diabase.  Thick  sills  ranging  in  texture  from  finely  dia- 
hcisic  at  the  top  to  finely  granitic  at  the  base  underlie  Bi-adford  ^Moun- 
tain,  the  syncline  at  the  mouth  of  Porter  Creek,  and  IMack  ^Mountain. 
The  diabase  is  a  dark  greenish-gray  compact  rock  which  in  thin  section 
shows  a  mesh  of  euhedral  andesine  crystals  enclosing  interstitial  au- 
gite.  Ilinenite  is  i>n's(Mit  as  scattered  laths.  ]\Iost  of  the  augite  is  partly 
altered  to  chlorite;  some  of  the  ilmenite  is  altered  to  leueoxene. 

The  gabbros  are  massive  light-  to  dark-gray  holocrystalline  rocks 
containing  crystals  ranging  from  1  millimeter  to  2  millimeters  in  diam- 
eter. As  determined  by  microscopic  examination,  the  bidk  of  the  gabbro 
originally  averaged  about  ;")()  percent  labradorite  and  50  percent  pyrox- 
ene. Augite  with  diallage  pai-ting  is  characteristic,  but  enstatite  or 
hypei-sthene  may  occur  in  small  amounts.  Ilmenite  may  be  present.  The 
augite  commonly  shoAvs  partial  replacement  by  late  magmatic  horn- 
blendo.  and  in  one  specimen  has  been  altered  by  hydrothermal  action 
to  ui'aiite.  Secondai-y  chlorit''  has  developed  from  both  augite  and  horn- 
blende ;  leueoxene  had  developed  from  ilmenite. 

Important  exceptions  to  the  above  general  composition  are  found. 
The  lower  jiortion  of  the  gabbro  body  north  of  Dorman  Canyon  is  olivine- 
ricli.  the  olivine  appi^aring  in  hand  specimens  to  make  up  as  much  as  a 
third  of  the  rock.  Both  at  Dorman  Canyon  and  Porter  Creek,  the  basal 
/.oii(>  immediately  adjaccMit  to  iinderlying  serpentine  is  a  pure  enstatite 
i-ock. 

Flow  layering  was  observed  in  gabbro  at  one  locality  only.  At  Brad- 
ford Mountain,  thin  pegmatite  dikes  cut  the  rock. 

The  sill  at  Bradford  ^Mountain  is  approximately  2,000  feet  thick ; 
that  at  the  mouth  of  Porter  Creek  is  450  to  1.800  feet  thick.  At  Black 
Mountain,  slides  and  faulting  have  so  complicated  the  picture  that  no 
satisfactory  tliickne.ss  determiuaticm  is  possible. 

The  prominent  diabase-gabbro  sills  are  high  in  the  Franciscan,  those 
at  Bi-adfoi'd  ^Mountain  and  Porter  Creek  being  near  the  Knoxville  con- 
tact. In  addition  to  these  large  bodies,  a  few  small  diabase  blocks  are 
])resent  in  the  fault  zones  east  of  Alexander  Valley  and  in  the  Franciscan 
area  west  of  Pogers  School. 

The  arcal  relationship  of  the  gabl)ro-diabase  to  overlying  gi-eenstone 
suggests  that  sill  emplacement  was  localized  at  the  base  of  tiie  thick  extru- 
sives.  The  obserA'cd  textural  coarsening  downward  in  the  sills  may  be 
explained  by  the  vastly  greater  time  involved  in  the  cooling  of  the  cen- 
tral and  lower  portions.  Coiisiderable  differentiation  might  be  expected 
in  sills  of  the  dimensions  these  have.  The  common  gabbro.  olivine-rich 
gabbro.  enstatite  rock,  and  serpentinized  peridotite  are  regarded  as  grav- 
ity differentiates  from  a  single  magma  type  during  and  after  emplace- 
ment of  the  sills.  Density  of  the  rock  types  increases  in  the  order  given 
above,  as  judged  by  the  field  relationship. 


16  liEALDSlJUKG    qUADKAXGLE  [Bull.    161 

Tlie  small  diabase  bodies  present  in  the  various  fault  zones  may  be 
fragmented  plugs  and  feeder  dikes.  However,  structural  complications 
have  obscured  their  realtionship  to  the  country  rock. 

Scrprvfinc  and  Peridotitc.  Bodies  composed  of  massive  boulders  of 
g-reenish-black  serpentinized  peridot ite  enclosed  in  a  bright  bluish-green 
to  pistachio-green  matrix  of  smeared  and  slickensided  flaky  serpentine 
are  common.  The  surfaces  of  the  boulders  are  colored  bro■\^^l  or  yellow  by 
concentrations  of  limonitc;  tlie  interiors  are  commonly  shattered  and 
shot  full  of  tiny  cross-fiber  chrysotile  veinlets.  Fresh  surfaces  show  in- 
numerable brightly  reflecting  cleavage  planes  on  large  crystals  of  bastite- 
antigoi-ite  replacing  enstatite.  The  boulders,  which  range  from  2  to  4 
feet  in  diameter,  weather  less  readily  than  the  enclosing  flaky  serpentine, 
and  lie  scattered  over  the  serpentine  terrane  as  residuals. 

The  serpentinized  peridotite  boulders  represent  knots  that  preserve 
the  original  igneous  texture.  During  serpentinization  and  subsequent 
crushing  by  regional  shearing,  the  bulk  of  the  original  peridotite  was 
reduced  to  the  flaky  serpentine  matrix.  Those  few  boulders  which  sur- 
vived as  massive  knots  after  serpentinization  were  preserved  from  the 
later  shearing  efi^ects  by  a  buffer  action  of  the  matrix.  Some  of  the  thin 
serpentine  smears  along  faults  are  entirely  of  the  flaky  variety.  In  a 
few  localities,  small  segregations  composed  entirely  of  coarsely  crystal- 
line enstatite  are  included  within  serpentine. 

Microscopic  examination  of  the  boulder  rock  shows  its  composition 
to  be  about  65  percent  olivine,  35  percent  enstatite,  and  some  augite. 
Accessory  minerals  are  picotite  and  chromite,  in  rounded  grains.  Only 
specimens  of  the  least  altered  rock  show  the  original  olivine  and  pyrox- 
ene. In  most  cases,  serpentinization  has  been  complete,  the  olivine  being 
changed  entirely  to  mesh-vvork  antigorite,  the  enstatite  to  bastite  antig- 
orite. 

The  extreme  shearing  universal  in  the  serpentine  bodies  obscures 
their  true  attitudes.  As  judged  by  the  structure  in  surrounding  rocks, 
the  larger  serpentine  bodies  are  from  450  to  800  feet  thick.  The  serpen- 
tines are  concentrated  in  the  upper  part  of  the  section  as  are  the  other 
Franciscan  igneous  rocks.  Nearly  all  the  extensive  bodies  have  been 
intruded  as  sills;  those  seri)entines  directly  associated  with  the  diabase- 
gabbi-o  sills  are  thought  to  have  developed  tlirough  gravity  differen- 
tiation. However,  other  serpentines  show  no  apparent  relationship  to 
diabase-gabbro  rock,  and  must  have  been  injected  from  already  differen- 
tiated magnui.  In  addition  to  intrusion  as  sills,  small  jiatches  of  serpentine 
have  been  spread  throughout  the  Franciscan  and  Ivnoxville  terrane  as 
fault  smears;  serpentine  along  faults  is  commonly  altered  to  silica-car- 
bonate rock. 

The  serpentiiu>  which  intrudes  Knoxvillc  shale  along  the  ridge 
northeast  of  Healdsburg,  .south  of  Fitch  Mountain,  and  west  of  Brooks 
C'reek,  appears  to  have  reached  its  present  ])()sition  by  ri.se  as  a  pierce- 
ment  fold,  a  type  of  structure  found  at  a  few  other  localities  in  the  Coast 
Ranges.  The  shale  immediately  adjoining  this  serpentine  shows  no  altera- 
tion whatsoever,  and  northeast  of  Healdsburg  it  further  displays  the 
anomaly  of  dipping  into  the  serpentine  from  either  side.  The  structure 
is  very  complex  in  this  area,  but  the  serpentine  appears  to  be  near  or 
on  the  axis  of  a  tight  to  overturned  anticline  in  the  Tvnoxville.  The  readi- 
ness with  which  serpentine  smears  along  faults  elsewhere  in  the  quad- 
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ranfrle  sup:{?ests  a  plastic  mobility  sufficient  to  easily  aeconiplisli  coM 
intrusion  alonp:  the  axis  of  a  tight  anticline. 

The  serpentines  commonly  produce  sloi)es  barren  of  soil,  thai  can 
be  recognized  from  afar  by  their  bluish-green  color.  In  many  cases  th<*y 
show  on  aerial  photographs  as  light  bands  covered  with  a  characteristic 
low  brusliy  overgrowth.  In  Ilealdsburg  (|uadiangle.  low-growing  pungent 
tarweed  is  almost  confined  to  serpentine  soil,  making  it  possible  t(»  "smell 
out"  serpentine  exposures  before  they  are  seen. 

Silica-Carbonate  Rock.  A  varietj-  of  curious  rock  types  has  been 
developed  by  hydrothermal  alteration  of  serpentine.  Tliese  rocks  are 
composed  of  various  proportions  of  ferroan  dolomite,  opal,  clialcedony, 
and  (|uartz  ;  the  combination  produces  a  wide  color  assortment  in  mottled 
vitreous  to  porcellaneous  whites,  greens,  reds,  browns,  and  yellows.  Silica- 
carbonate  rock  commonly  preserves  a  part  of  the  original  sheared  ser- 
pentine texture,  and  differential  leaching  of  carbonates  by  surface 
weathering  leaves  a  conspicuous  mesh-Avork  silica  structure.  Silica-car- 
bonate rock  is  ordinarily  more  resistant  than  the  enclosing  serpentine, 
and  stands  up  as  sharp  dike-like  ledges.  It  has  been  described  in  detail 
by  Knopf,^-*  Bailey,^^  and  Myers  and  Evcrhart.^" 

Silica-carbonate  rock  is  of  ectmomic  importance,  as  it  forms  the 
gangue  for  quicksilver  minerals  in  the  Great  Eastern  and  Blount  Jack- 
son mines  near  Guerneville  and  in  the  Mayacmas  quicksilver  district, 
the  extreme  western  edge  of  which  passes  through  the  northeastern  cor- 
ner of  Ilealdsburg  quadrangle.  It  is  also  of  considerable  value  in  tracing 
faults  tlirough  the  extremely  complicated  Franciscan  i-ocks,  as  its  pres- 
ence appears  to  be  ipso  facto  evidence  of  faulting.'" 

The  time  when  serpentine  was  altered  to  silica-carl)onate  rock  is 
not  known.  In  part,  at  least,  alteration  was  concurrent  with  or  jirior  to 
deposition  of  Sonoma  sediments,  for  Sonoma  conglomerate  exj^oscd  along 
the  north  branch  of  Gird  Creek  contains  silica-carbonate  pebbles.  It  is 
probable  that  some  alteration  of  serpentine  to  silica-carbonate  rock  has 
accompanied  each  faulting  episode. 

Schist.  A  full  suite  of  Franciscan  glaucophane  schists  is  pres(>nt 
in  the  Ilealdsburg  (piadrangle.  Indeed,  the  great  schist  liody  tliat  forms 
Big  Ridge  is  one  of  the  largest  anywhere  in  the  California  Coast  Kauges. 
The  many  mineral  types  and  assemblages  that  compose  the  schists  make 
a  generalized  description  difficult.  The  connuon  tyjies  encountered  and 
samjiled  are  glaucophaue-muscovite-quartz  schist,  some  of  whicli  contains 
law.sonitc;  glaucophane-gai'net  schist;  glaucoi)hane-actinolite  scliist; 
actinolite  schist ;  glaucophane-mu.scovite-omi)hacite-sphene-garnet  schist; 
and  tremolite-clinocldore  schist;  talc;  and  amjihibolite. 

The  schists  are  in  general  compact,  fine-gi-ained  and  schistose,  al- 
though massive  forms  do  occur.  Elongated  crystals,  if  i>resent,  ai'e  j)arallel 
to  schistosity,  but  may  show  random  orientation  within  the  plane.  Nearly 
all  the  metamorphics  are  strongly  contorted,  sheared,  and  traversed  by 
innumerable  quartz  veinlets.  Tiie  wide  variation  in  mineral  composition 
and  the  accompanying  variation  in  resistance  to  weathering  witliin  the 

"Knopf,  A.,  An  alteration  of  Coast  Range  serpentine:  I'niv.  CalifDinia  Dept. 
Geol.  Sci.  BiiU.,  vol.  4,  no.  18,  pp.  42.5-430,  1906. 

15  Bailey.  E.  H.,  op.  cit. 

i«  Myers,  W'.  B.,  and  Everhart,  D.  L.,  op.  cit. 

1"  Taliaferro,  N.  L..,  Franciscan-Knoxville  problem:  Am.  A.s.soc.  Petroleum  Geol- 
ogists Bull.,  vol.  27,  no.  2,  pp.  109-219.  1943. 
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same  schist  body  produce  the  knobby  topography  so  characteristic  of 
Franciscan  metamorphic  terranes. 

Schists  containing  glaucopliane  are  the  most  conspicuous  and  abun- 
dant. Glaucophane-muscovite-lawsonite-quartz  schist,  locally  grapliitic, 
forms  the  greater  part  of  the  major  metrimorphic  bodies  west  of  Black 
Mountain  and  at  Big  Ridge.  In  thin  section,  this  schist  shows  irregular 
muscovite  layers  iuterleaved  with  narroAv  quartz  bands.  Witliiu  the  unis- 
covite  layers,  tufts  of  glaueophane  and  short  lawsouite  rods  have  devel- 
oped. This  type  of  schist  is  considered  the  normal  developmental 
stage  between  an  initial  arkose  sandstone  or  shale  and  a  final  glauco- 
phane-laAvsonite-quartz  schist.  The  small  (piantity  of  grajjhite  present 
is  derived  from  carbonaceous  material. 

Those  schists  composed  of  glaueophane  with  actinolite,  with  garnet, 
or  with  omphacite,  are  considered  to  be  derived  from  greenstones,  for  the 
silica  I'outent  is  low.  Treiuolite-cliuochlore  rock  is  in  the  same  category. 

Talc  schist  developed  by  hydrothermal  alteration  of  serpentine  was 
noted  at  a  single  locality  in  the  fault  zone  along  Mill  Creek. 

Amphibolite,  other  than  glaueophane  rock,  is  rare.  A  small  body 
is  present  in  the  fault  zone  w^est  of  lower  Brooks  Creek.  ]\Iicroscopic 
examination  shows  the  chief  constituent  to  be  a  member  of  the  pargasite- 
hornblende  group;  small  patches  in  individual  crystals  show  typical 
glaueophane  pleochroism  resulting  from  the. local  presence  of  soda.  The 
amphibolite  is  the  metamorphic  equivalent  of  basic  igneous  rock. 

Many  of  the  schists  suffered  slight  retrogressive  metamor])hisin,  in 
Avliich  new  mineral  adjustment  was  made  to  temperatures  lower  than 
those  that  produced  initial  metamorphism,  as  evidenced  by  local  chlor- 
itization  of  garnet. 

The  schist  body  on  Big  Ridge  is  estimated  to  be  4,000  feet  thick  ;  that 
west  of  Black  Mountain  is  not  less  than  2,000  feet  thick.  Elsewhere 
throughout  the  quadrangle  are  numerous  small  schist  bodies  from  a  few 
feet  to  50  feet  or  more  in  thickness.  The  metamor])liics  thicken  and  thin 
rapidly  and  disappear  by  lateral  gradation  into  noi-mal  sedimentar.y  or 
igneous  rock. 

The  bulk  of  the  schist  is  found  in  the  two  large  bodies,  the  one  at 
Big  Ridge,  and  the  one  west  of  Black  IMountain.  Schist  is  also  associated 
with  the  serpentine  in  the  low  hills  west  of  Rogers  School  and  near  the 
mouth  of  Porter  Creek.  Elsewhere,  small  exposures  are  common  along 
igneous  contacts  or  as  dragged  material  in  fault  zones. 

The  schists  have  developed  from  Franciscan  sediments  and  volcanics 
by  pneumatolytic  action  of  emanations  yielded  by  the  basic  and  ultra- 
basic  intrusives.  The  effects  are  localized  in  rocks  immediately  adjacent 
to  the  intrusive  bodies.  Taliaferro  ^^  has  found  the  elements  most  com- 
monly introduced  from  the  magmatic  source  to  be  sodium,  magnesium, 
calcium,  titanium,  and  aluminum. 

The  Franciscan  in  Ilealdsbui-g  (puidrangle,  as  elsewhere  in  the  Coast 
Ranges,  is  devoid  of  fossils  useful  for  age  determination.  Its  age  may  be 
fixed  Avithin  narrow  limits,  however,  by  its  stratigi-aphic  position  above 
rocks  equivalent  to  the  lower  Kimmeridgian  Mariposa  slates  of  the  Sierra 

'8  Taliaferro,  N.  L..,  Geologic  history  and  structure  of  the  central  Coast  Jianges : 
California  Div.  Mines  Bull.  118,  pp.  119-16:'.,  1941. 
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Nevada,  and  below  tussilift'itnis  niidille  Portlaiidian  Kiioxville  beils.'"  In 
fln'  IIcaMsl)iir<r  area  tin'  base  of  the  Franciscan  is  not  exposed.  The 
contact  with  tilt'  ovcflyin^r  Knowillc  is  coinitletcly  obscnred  by  an  ii^in'ons 
cuini)lcx  or  by  faulting,';  it  is  prohalily  ufradational. 

Upper  Jurassic 
Knoxville  Formation 

The  Knoxville  formation  in  Healdsburo:  quadrangle  is  a  thick  se- 
(picnce  of  dark-p:ray  shale  and  silt,  and  some  sandstone,  larj^elN'  confined 
to  tlie  valley  area.  Large  parts  of  the  formation  are  buried  beneath  terrace 
or  alluvial  material.  In  the  exposed  portions,  dark-gray  thin-bedded 
argillaceous  shale  with  silty  laminations  and  interbeds  predf)minates. 
Fine  mica  Hakes  and  abundant  carbonaceous  material  are  scattered  in  the 
shaly  niatrix. 

(Jray  limestone  is  present  at  various  horizons  as  concretions  or  thin 
discontinuous  ledges,  few  of  which  exceed  6  inches  in  thickness. 

Along  the  nortli  side  of  the  valley  of  Dry  (Veek  at  the  extreme  west 
odixi'  ol"  the  (|uadrangle.  a  coarse  arkose  sandstone  40  feet  thick  is  inter- 
bedded  ;  sandstone  is  also  common  as  interbeds  1  inch  to  4  inches  thick. 

Narrow  zones  of  radiolarian  shale,  in  which  organisms  are  visible 
to  the  indeed  eye,  are  present  in  the  Knoxville  along  the  road  to  The 
(Jcysers  at  lilack  ]\Ionntain  ;  in  (Irass  Valley;  just  south  of  the  month  of 
Doinian  Canyon;  1]  miles  southwest  of  Chalk  Hill;  and  three-fiuaiters 
of  a  mile  north  of  the  mouth  of  Porter  Creek.  Whether  or  not  these 
occurrences  have  stratigraphic  significance  is  nncei-tain.  The  radiolaria 
are  too  pooi-ly  preserved  for  determination. 

No  coiiiph'te  section  is  exposed.  The  Knoxville  ma}'  be  as  much  as 
5,000  feet  thick  in  Ilealdsburg  quadrangle. 

Exposnres  of  the  Knoxville  in  Healdsburg  quadrangle  are  almost 
all  in  the  central  low  hills.  The  only  exceptions  are  small  patches  protected 
in  the  synclines  of  CJrass  Valley,  Crape  Canyon,  Porter  Creek,  and  a 
small  down-fanlted  area  on  the  west  slope  of  Black  IMountain.  To  the 
southeast,  the  Sonoma  volcanics  mask  any  possible  continuation  of  Knox- 
\  ille ;  to  the  east,  the  nearest  exposures  are  in  Pope  Valley,  approximately 
1:0  miles  distant;  to  the  west,  no  Knoxville  is  known.  It  is  pi-obable  that 
the  Knoxville  in  tlie  Geyserville  syncline  extends  northwest  of  the 
quadrangle  boundary,  but  the  area  has  not  been  mapped.  Preservation 
of  Knoxville  in  the  Ilealdsburg  quadrangle,  far  from  its  next  nearest  ex- 
posure, indicates  the  Geyserville  syncline  to  be  of  major  proportions. 
Land  areas  to  the  west  contributed  elastics  to  the  sea  in  which  the  Knox- 
ville was  deposited. 

The  Knoxville  sediments  have  many  features  of  near-shore  marine 
(le|)osits.  such  as  j-ipple  cross-bedding,  intercalated  heavy  sand  bodies, 
and  considerable  carbonaceous  material,  all  of  which  suggest  the  marine 
phase  of  deltaic  accumulation.  Three  fossil  localities  have  been  found  in 
the  area  mapped — -(1)  at  Schoolhouse  Creek,  (2)  at  Dutcher  Creek,  and 
(3)  on  the  low  ridge  northeast  of  Fitch  ^Mountain.  A  fourth  locality  is 
present  in  a  fault  zone  in  Franz  Creek  about  a  quarter  of  a  mile  east  of 
tlie  quadrangle  boundary.  The  Schoolhouse  Creek  and  Franz  Creek  locali- 
ties yielded  numerous  siiecimens  of  AuccUa  piochii  Gabb.  A  single  am- 
monite specimen,  Bcrriasella  storrsi  (Stanton)  came  from  locality  three. 

i**  Taliaferro,  X.  L.,  Franciscan-Knoxvillo  problem :  Am.  Assoc.  Petroleum  Geol- 
ogists Bull.,  vol.  27,  pp.  109-219,  1943. 
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The  above  species  are  eliaracteristic  of  tlie  iip])er  Knoxville  (Newville 
group)  at  its  type  locality  aloiii;'  tlie  west  sideof  the  Sacramento  Valley  ^^ 
and  are  late  Jurassic  in  ao-e. 

Well-preserved  Ancellas  were  obtained  from  Dutcher  Creek ;  these 
belong  to  the  species  figured  by  Anderson  -^  as  Aucella  crassicollis  Key- 
serling,  Aucella  jnriformis  Lahusen,  and  Aucella  indi^enalis  Anderson. 
Their  position  at  Dutcher  Creek  is  several  hundred  feet  below  the  first 
conglomerate,  the  logical  position  to  place  the  Knoxville-Cretaceous  con- 
tact. Likewise,  their  stratigraphic  jiosition  is  close  to  that  of  the  School- 
house  Creek  fauna  from  the  Knoxville.  The  writer  provisionally  considers 
the  Dutcher  Creek  fauna  to  bo  high  in  the  Knoxville.  The  Knoxville  fossil 
specimens  (numl)ers  391)"),")  and  39050)  have  been  deposited  in  the 
Paleontological  Collections,  Cornell  Univei-sity. 

At  its  tj'pe  area  along  the  west  border  of  the  Sacramento  Valley, 
the  Knoxville  is  16,000  feet  thick.  Anderson-^  divided  it  into  three 
groups,  the  Xewville  (4.000  feet),  the  Grindstone  (5,400  feet),  and  the 
Elder  Creek  (6,600  feet).  Isolated  outcrops  of  Knoxville  at  Ilealdsburg 
and  scattered  localities  in  the  central  Coast  Ranges  west  of  the  Great 
Valley  are  equivalent  to  the  Xewville  group,  youngest  of  the  three.  The 
very  thick  Elder  Creek  and  Grindstone  groups  of  the  type  section  have 
not  been  recognized.  This  suggests  that  the  lower  Knoxville  of  the  Sac- 
ramento Valley  and  part  of  the  upper  Franciscan  of  the  Coast  Ranges 
to  the  west  may  be  coeval,  lower  Knoxville  representing  a  deeper  marine 
facies  farther  removed  from  the  source  area  to  the  west. 

The  igneous  suite  of  basic  and  ultraba.sic  eruptives  and  intrusives  is 
entirely  within  Franciscan  lithology  in  Healdsburg  quadrangle.  At 
localities  in  the  central  Coast  Ranges,  however,  Taliaferro  has  observed 
intrusions  into  Kno.xville. 

Cretaceous 

Cretaceous  deposits  in  the  Geyserville  s.yncline  consist  predominantly 
of  massive  gray  to  buff  cobble  conglomerate,  and  a  few  thin  interbeds  of 
dark-gray  carbonaceous  silt,  shale,  and  fine  sandstone,  50  to  100  feet 
thick.  The  cobbles  are  well-rounded  and  range  from  2  to  6  inches  in 
diameter ;  there  are  a  few  beds  of  pea  gravel  and  a  few  boulders  as  much 
as  a  foot  in  diameter.  The  cobbles  are  biotite  granodiorite,  light-colored 
porphyries,  dark-gray  chert,  vein  quartz,  Franciscan  arkose,  and  Fran- 
ciscan greenstone.  The  conglomerate  matrix  is  gray,  medium-  to  coarse- 
grained muscovitic  arkosic  sandstone  with  abundant  clay  flecks,  similar 
in  lithology  to  Franciscan  sandstone. 

The  conglomerates  are  extremely  massive ;  bedding  is  difficult  to 
recognize.  Over  thicknesses  of  many  hundred  feet,  no  sandstone  interbeds 
are  to  be  found.  Very  characteristic  of  the  Cretaceous  conglomerate  is 
the  pervasive  shearing  which  has  occurred  since  deposition.  Every  cobble 
is  shattered  along  several  planes. 

Northwest  of  Dutcher  Creek,  the  amount  of  conglomerate  rapidly 
decreases  and  shale  increases — a  marked  gradation  in  texture  along  strike. 

The  Cretaceous  in  the  Gej'serville  syncline  is  5,000  feet  thick.  The 
top,  however,  is  not  present.  In  the  Ilealdsburg  quadrangle,  the  Creta- 

-'  Anderson,  F.  M.,  KnoxviUe  series  in  the  California  Mosozoic :  Geol.  Soc.  America 
HiiU.,  vol.  5»i,  pp.  HOH-lltl-l,  1945. 

-  Ander.son,  F.  M.,  Lower  Cretaceous  deposits  in  California  and  Oregon:  (Jeol. 
Soe.  AnuM-ii-a,  Special  I'apor  Ifi,  l!):i8. 

-'■'  .\nderson,  F.  M.,  Knoxville  series  in  the  California  Mesozoic  :  Geol.  Soc.  America 
null.,   vol.  5l),  pp.  909-1014,  1945. 


1951]  GEOLOGY GEALEY  21 

ceous  is  confined  to  the  Geyserville  syncline  and  the  Pitch  INTonntain 
area.  The  nearest  exposures  east  of  San  Andreas  fault  are  '2'A  luih^s 
soutlieast  of  llealdsburj;  in  the  mountains  west  of  Xapa  \'alley. 

The  great  thickness  of  the  conglomerate  and  coarseness  of  its  con- 
stituents indicate  local  derivation,  short  haul,  and  rapid  dumping.  The 
l)resence  of  considerable  granodioritt*  and  porphyry  from  the  old  land  to 
the  west  indicates  great  enough  re-elevation  there  to  furnish  coarse 
elastics.  The  Franciscan  debris  may  have  been  derived  from  the  marginal 
j)ortions  of  the  old  land  onto  which  it  formerly  lapped.  Evidence  points 
to  accumulation  along  the  nuirgin  of  a  rapidly  sinking  basin  backed  by 
an  area  undergoing  intense  erosion. 

Xo  fossils  were  found  in  the  conglomerate  series;  its  age  is  unde- 
termined. Its  tentative  assignment  to  the  Cretaceous  is  based  on  lithology, 
and  nil  a  distribution  generally  coincident  with  underlying  Knoxville. 
A  slight  dilference  in  strike  between  the  conglomerate  and  Knoxville 
exists  northwest  of  Lytton,  and  an  unconformity  is  indicated.  However, 
general  parallelism  of  the  conglomerate  and  Knoxville  throughout  the 
quadrangle  suggests  that  the  unconformity  is  not  major  here.  In  view 
of  the  known  Upper  Cretaceous  transgressions  in  the  central  Coast 
Ranges,  it  is  probable  that  the  conglomerate  is  Upper  Cretaceous  in  age. 

Tertiary 

A  formation  of  probable  Tertiary  age  is  preserved  along  the  lower 
reaches  of  Little  Sulphui*  Creek  in  an  intricately  faulted  graben.  Its  base 
is  just  within  the  northern  boundary  of  the  Ilealdsburg  quadrangle, 
whence  it  is  exposed  in  fault-bounded  wedges  northward  for  at  least 
5  miles. 

Thick-bedded  red  and  gray  conglomerate  consisting  of  Franciscan 
debris  predominates  in  the  lower  1,000  feet.  Above  the  conglomerate  is 
Avell-bedded,  gray,  ostracodal,  argillaceous  siltstone  with  numerous  buff 
limestone  lenses  and  concretions;  in  it  only  a  few  massive  conglomerate 
interbeds  are  present. 

The  pebble-and-cobble  conglomerate  is  strongly  cross-bedded  and 
poorly  sorted.  Particles  are  generally  well-rounded,  but  decidedly  flat. 
The  debris  is  derived  from  the  Franciscan  and  Knoxville  formations  and 
passibly  from  Cretaceous  beds ;  it  consists  of  arkose  sandstone,  and  shale, 
and  some  schist,  chert,  and  greenstone.  In  the  lower  part  of  the  formation, 
the  conglomerate  stands  out  in  massive  ledges  known  locally  as  ''The 
Bluffs".  Local  derivation  is  shown  by  the  coarse  texture  of  the  conglom- 
erate. The  presence  of  red  beds  and  of  fresh-water  mollusks  indicates 
nonmarine  environment,  as  do  the  very  abundant  smooth-shelled  ostra- 
cods.  Some  nondescript  arenaceous  Foraminifera,  locally  present  in  the 
siltstones,  are  brackish  water  or  marine  in  origin.  The  beds  were  deposited 
as  a  piedmont  accumulation,  into  which  brackish  or  marine  fingers  pene- 
trated. The  beds  are  more  indurated  and  therefore  probably  older,  than 
the  Sonoma  volcanics  mapped  at  Healdsburg,  and  they  overlie  the  Fran- 
ciscan with  major  unconformity;  therefore  they  are  thought  to  be 
Tertiary  age.  Some  3  miles  north  of  the  quadrangle  boundary,  the  basal 
contact,  fault  repeated,  shows  the  same  relationship  to  the  Franciscan. 

No  accurate  determination  of  the  thickness  of  the  Tertiary  beds  has 
been  made,  but  in  the  southern  fault  wedge,  some  2,500  feet  is  exposed ; 
however,  the  top  is  not  present.  So  far  as  is  known,  the  Tertiary  beds  are 
confined  in  the  Healdsburg  area  to  the  narrow  irraben  along  Little 
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Siil])liur  Creek  in  which  they  crop  out  semi-continuoiisly  from  the  north- 
ern boundary  of  the  quadrangle  northward  at  least  as  far  as  Big-  Sulphur 
Creek,  some  5  miles. 

The  Tertiary  beds  are  locally  fossiliferous,  but  so  far  no  fossils  of 
valiit'  for  determining:  age  have  been  found.  Numerous  specimens  of  the 
gastropod  genus  Carinifcx  were  collected  from  a  thin  conglomerate  bed 
along  Little  Sulphur  Creek  about  2  miles  north  of  the  Healdsburg  quad- 
rangle (University  of  California  Museum  of  Paleontology  location 
A-o^Joo) .  Dr.  J.  Wyatt  Durham,  of  the  University  of  California,  identified 
the  specimens,  finding-  them  unlike  any  described  species.  The  gonu.s, 
wiiicli  I'anges  from  Jurassic  to  Recent,  is  known  so  far  only  from  fresh- 
water deposits. 

jSlr.  William  Binkley,  Superior  Oil  Company  micropaleontologist, 
found  a  few  arenaceous  Foraminifera  in  a  siltstone  sample  several  hun- 
dred feet  stratigraphically  below  the  gastropod  horizon  (University  of 
California  Museum  of  Paleontology  location  A-5.S44).  The  F'oraminifera 
are  too  j^oorlj^  preserved  for  determination,  but  their  presence  is  evidence 
that  the  formation  locally  is  of  brackish-water  or  marine  origin. 

Sonoma  Group 

The  Sonoma  group  includes  a  lietcrogciicoiis  series  of  lava  Hows, 
agglomerates,  and  tuffs  iiiterbedded  with  iioiiniarine  conglomerate, 
sandstone,  and  clay. 

The  basal  member  of  the  Sonoma  group  in  the  eastern  ])ai-t  of  llcalds- 
biii-g  quadrangle  is  a  basalt  flow,  or  series  of  flows,  and  intercalated  \nft'. 
The  basalt  is  exposed  at  points  along  the  eastern  edge  of  the  quadrangle 
as  far  north  as  Barnes  Creek,  in  the  central  hills  at  Adam  and  Eve  Red- 
woods, and  to  the  southeast,  Avest  of  Rogers  School,  along  Alexander 
^'alley,  at  Chiquita,  and  as  an  isolated  patch  west  of  Dry  Creek  near 
Felta  School.  At  the  surface,  the  flows  have  broken  along  joint  planes  to 
form  a  boulderj^  rubble.  At  a  few  localities  excellent  columnar  jointing 
is  preserved,  and,  at  Chiquita,  pillow  structure.  The  rock  has  a  purplish- 
black  aphanitie  groundmass,  and  scattered  feldspar  phenocrysts  as  much 
as  1  centimeter  in  leng-th.  Some  phases  contain  olivine  clumps  the  size  of 
a  hazel  nut.  Flow  layering  is  indistinct  or  absent  except  locally. 

In  thin  section,  the  basalts  show  sparse,  deeply  embayed  phenocrysts 
of  labradorite,  olivine,  and  augite  scattered  through  a  crystalline  ground 
mass  of  tiny  plagioclase  laths,  interstitial  augite,  magnetite  wisps,  and 
small  amounts  of  brown  glass.  The  texture  is  pilotaxitic.  The  only  signifi- 
cant alterations  have  been  the  conversion  of  some  olivine  to  iddingsite 
and  antigorite. 

The  basalt  is  from  10  to  30  feet  thick  over  most  of  the  area.  Locally, 
as  just  west  of  Adam  and  Eve  Redwoods  and  west  of  Alexander  Valley, 
it  is  as  much  as  100  feet  thick.  These  areas  of  exceptional  thickness 
l)robably  represent  Pliocene  valleys.  Southeast  of  the  anticlinal  nose  near 
the  head  of  Brooks  Creek,  the  flows  increase  rapidly  in  thickness  to  several 
hundred  feet  in  the  Sonoma  Mountains. 

By  far  the  most  important  volcanic  constituent  of  the  Sonoma  group 
in  the  area  mapped  is  pumice  tuff.  Tn  the  southeastern  portion  of  the 
quadrangle,  tuffs  400  to  500  feet  thick  succeed  the  basalt  flows,  and 
another  thick  body  is  present  about  1,000  feet  above  the  base  of  the  group. 
Tlie  tuffs  are  characteristically  light  gray  to  white  in  color  and  are  gen- 
erally massive ;  white  pumice  fragments  a  half  inch  to  2  inches  in  diameter 
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The  valley  of  .Mark  West  Creek  is  in  the  lower  left,  with  the  settlement  of  Harientla  towards  center  of  photo.  The  prominent  ridge  in 
the  upper  right  is  Black  Mountain.  Photo  cuurtesy  of  Clyde  HunderUinrl,  Aerial  Photutjrajths. 
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aiT  al)Uii(i;iiit  at  iiiaiix'  horizons.  A  iVw  beds  carry  scatti'i'cd  Ijrcccia  ri'a<i'- 
iiieuts  ol'  aiulcsitc  and  bctsalt  as  lar«re  as  (5  iiiclios.  The  tu(l"  is  dacitie. 
Identical  tuffs  crop  out  below  the  j\lereed  formation  on  the  west  side  of 
the  Windsor  syneline ;  they  are  200  feet  thick  aud  rest  directly  on  Fran- 
ciscan. In  ad(Iition  to  the  tiilV  l)odies,  nearly  all  Sonoma  sediments  arc 
richly  tuffaceous. 

A  wcll-deYeloj)ed  ag:g:Iomerate  zone  is  exposed  alonj;  the  low  hills 
west  of  Alexander  Valley  in  the  vicinity  of  Rogers  School. 

Tjayers  of  wehh'd  tutf,  pale  gray  to  lavendar  in  color,  are  ])resent 
along  the  mountain  front  north  of  Saysal  Canyon  and  in  Millei-  ("reek. 
Under  the  microscope;  they  show  a  few  shattered  orthocla.se  and  andesine 
crystals  and  small  xenolitlis  of  olivine  basalt  enclosed  in  a  groundmass  ol" 
weldeil  glass  shards.  The  glass  has  reci-ystalized  and  i.s  bircfringejit. 
The  tc.xtui'c  is  characteristic  of  rocks  dei-ived  by  "glowing  axalaiichc" 
eruptions. 

Pale  buff  poorh'  consolidated  conglomerate  and  clayey  sandstone 
nuike  up  the  largei-  part  of  the  Sononui  grou]).  Thick  bodies  interbcdded 
with  the  tuff's,  compose  the  entire  ridge  innnediately  east  of  tlu'  Windsoi' 
syneline,  and  oveidie  the  iMerccd  in  the  west  lind)  of  the  syneline.  They 
are  characteristic  river-channel  and  iiootl-plain  deposits — poorly  sorted, 
strongly  cross-bedded  and  channeled  and  variable  both  horizontally  and 
vertically.  Conglomerate  ])ebbles  range  from  1  inch  to  6  inches  in  size, 
the  cobble  fractions  being  very  prominent  locally.  The  most  connnon 
cobbles  are  of  fresh  porphyry  which  was  probably  erupted  shortly  before 
the  conglomerate  was  deposited.  Very  characteristic  of  the  Sonoma  con- 
glomerate are  ])ebbles  with  a  center  of  jet-black  obsidian  and  thin  outei- 
shell  of  pale-gray  friable  i)umiceous  material — apparently  ])roducetl  by 
water  quenching  of  hot  obsidian.  In  addition  to  debris  from  contempor- 
aneous volcanics,  a  few  pebbles  of  Franciscan  red  chert  and  greenstone 
are  present.  The  matrix  is  connnoidy  composed  of  very  clayey  fine  sand 
with  scattered  larger  grains,  and  most  of  it  is  tutfaceous.  The  entire  rock 
is  friable,  and  crund:)les  easily  in  the  hand. 

The  clastic  phase  of  the  Sonoma  group  is  somewhat  different  in  the 
area  southwest  of  Lytton  School  and  along  Gird  and  Miller  Creeks.  Here 
j)ebble  conglomerates  are  prominent,  but  in  addition,  considerable  green- 
ish-gray clay  is  interbcdded.  On  Miller  Creek  a  lignite  stratum  1  foot 
thick  is  interbcdded  in  the  clay. 

That  alteration  of  some  of  the  serpentine  to  silica-carbonate  rock 
took  place  during  or  before  Sonoma  deposition  is  shown  by  the  presence 
of  a  few  silica-carbojiate  pebbles  in  conglomerate  along  the  north  branch 
of  Gird  Creek. 

In  the  Ilealdsburg  quadrangle  a  maximum  thickness  of  4,000  feet 
for  the  Sonoma  group  as  a  whole  is  indicated  on  the  east  limb  of  the 
Windsor  .syneline.  Clastics  account  for  approximate!}'  .3,000  feet;  aerial 
and  water-laid  pumice  tuft'  and,  to  a  small  extent,  flow,  compose  the 
remainder.  However,  the  volcanic  components  thicken  rapidly  to  the  east 
and  southeast  and  are  the  dominant  constituent  in  the  Sonoma  Mountains. 
Rapid  thinning  of  the  group  takes  place  westward.  It  is  estimated  tliat  a 
diminution  by  one  half  occurs  across  the  Windsor  syneline. 

Exposures  in  the  area  mapped  represent  the  most  northwesterly  edge 
of  the  Sonoma  group  terrane.  To  the  southeast,  the  volcanic  rocks  com- 
pose a  very  important  part  of  both  the  Sonoma  ]\Iountains  and  the 
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are  abinidant  at  many  liorizoiis.  A  few  beds  carry  scattered  breccia  Iraj?- 
iiK'iits  of  aiidesitc  and  basalt  as  lar^'e  as  (J  indies.  Tbe  tutt'  is  dacitic. 
JdcMtical  tail's  croj)  t)iit  below  the  ^li-rced  i'oriuatioii  on  tlie  west  side  of 
tlie  Windsor  syncline;  they  are  200  feet  thick  and  rast  directly  on  Fran- 
ciscan. In  addition  to  the  tnil'  bodies,  nearly  all  Sonoma  sediments  are 
richly  tntfaceons. 

A  well-devehjped  aj^'jiioinerate  zone  is  ex{)osed  alonji'  Ihc  low  hills 
west  of  Alexander  Valley  in  the  vicinity  of  Rogers  School. 

Layers  of  welded  tntf,  pale  gray  to  lavendar  in  color,  are  present 
along  the  iiioimtain  fi-ont  north  of  Saysal  Canyon  and  in  Miller  Creek. 
Under  the  niicro.sc(jpe  they  show  a  few  shattered  orthochusc  and  andesine 
crystals  and  small  xenoliths  of  olivine  basalt  enclosed  in  a  gronndmass  of 
welded  glass  shards.  The  glass  has  recrystalized  and  i.s  biiefringent. 
The  texture  is  charcii-tei-istic  of  i-ocUs  derived  by  "glowing  avalanc'he" 
eruptions. 

Pah'  bulf  poorly  consolidated  conglomerate  and  clayey  sandstone 
make  up  the  larger  part  of  the  Soiioma  group.  Thick  bodies  interbedded 
with  the  tntTs,  compose  the  entire  ridge  innnediatel_y  east  of  the  Windsor 
syncline,  and  overlie  the  Merced  in  the  west  limb  of  the  syncline.  They 
are  characteristic  rivei'-channel  and  flooil-plain  dej)osits — poorly  sorted, 
strongly  cross-bedded  and  channeled  and  vai-iable  both  horizontally  and 
vertically.  Conglomerate  pebbles  range  from  1  inch  to  (5  inches  in  size, 
the  cobble  fractions  being  very  ])rominent  locally.  The  most  common 
cobbles  are  of  fi'esh  poi'phyry  which  was  probably  erupted  shortly  before 
the  conglomerate  was  deposited.  Very  characteristic  of  the  Sonoma  con- 
glomerate are  pebbles  with  a  center  of  jet-black  obsidian  and  thin  outer 
shell  of  ])ale-gray  fi-iable  pumiceous  material — ap])arcntly  jiroduced  by 
water  ciuenching  of  iiot  obsidian.  In  addition  to  debris  from  contempor- 
aneous volcanics,  a  few  pebbles  of  Franciscan  red  chert  and  greenstone 
are  present.  The  matrix  is  commonly  composed  of  very  clayey  fine  sand 
with  scnttered  larger  grains,  and  most  of  it  is  tuffaceous.  The  entire  rock 
is  friable,  and  crumbles  easily  in  the  lunid. 

The  clastic  phase  of  the  Sonoma  group  is  somew'hat  different  in  the 
area  southwest  of  Lytton  School  and  along  Gird  and  Miller  Creeks.  Here 
pebble  conglomerates  are  prominent,  but  in  addition,  considerable  green- 
ish-gray clay  is  interbetlded.  On  Miller  Creek  a  lignite  stratum  1  foot 
thick  is  interbedded  in  the  clay. 

That  alteration  of  some  of  the  serpentine  to  silica-carbonate  rock 
took  place  during  or  before  Sonoma  deposition  is  shown  by  the  presence 
of  a  few  silica-carbonate  pebbles  in  conglomerate  along  the  north  branch 
of  Gird  Creek. 

In  the  Ilealdsburg  quadrangle  a  maximum  thickness  of  4,000  feet 
for  the  Sonoma  group  as  a  whole  Ls  indicated  on  the  east  limb  of  the 
Windsor  syncline.  (Plasties  account  for  approximately  8,000  feet;  aerial 
and  water-laid  pumice  tuff  and,  to  a  small  extent,  flow,  compose  the 
remainder.  However,  the  volcanic  components  thicken  rapidly  to  the  east 
and  southeast  arid  are  the  dominant  constituent  in  the  Sonoma  Mountains. 
Rapid  thinning  of  the  group  takes  place  westward.  It  is  estimated  that  a 
diminution  by  one  half  occurs  across  the  Windsor  syncline. 

Exposures  in  the  area  mapped  represent  the  most  northwesterly  edge 
of  the  Sonoma  group  terrane.  To  the  southeast,  the  volcanic  rocks  com- 
pose a  very  important  part  of  both  the  Sonoma  Mountains  and  the 
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southern  Mayacnias  Mountains.  In  addition,  tliick  flows  aro  present 
cuppinji'  the  crest  of  the  Mayaemas  Mountains  east  and  northeast  of 
Ilealdsburjr  at  elevations  of  4,344  feet  on  IMount  St.  Helena  and  4,722 
on  Cobb  ^Mountain.  No  rocks  of  tlie  Sonoma  group  are  found  in  the 
niountains  west  of  Dry  Creek,  with  the  exception  of  the  exposure  mapped 
at  Felta  School.  However,  tlie  marine  ]\Ierced  sandstone,  equivalent  to  a 
part  of  the  Sonoma,  is  widely  though  thinly  distributed  over  much  of  the 
western  half  of  the  next  quadrangle  to  the  south.  The  areas  of  Merced 
nmpped  in  the  extreme  soutli-central  i)ortion  of  the  Ilealdsburg  quad- 
rangle represent  tlie  mo«t  northerly  extent  known. 

Narrow  belts  of  Sonoma  extending  northwest  far  up  Alexander 
Valley  and  l)i-y  Creek  \'alley  have  been  preserved  through  favorable 
structural  position.  Their  presence  has  been  intliiciitial  in  the  develop- 
ment of  the  i)resent  subsequent  di'ainage. 

The  source  area  for  both  sediments  and  volcanic  rocks  was  nearby, 
to  the  east  and  southeast.  The  volcanic  rocks  are  of  central  cone  type  and 
it  may  be  assumed  that  high  volcanos  were  scattered  over  the  imme- 
diately adjoining  area.  As  evidenced  by  the  great  predominance  of 
volcanic  cobbles  in  the  Sonoma  clastic  phase,  the  volcanos  them.selves 
became  the  dominant  source  for  contemporaneous  river  deposits.  Inter- 
wedging  of  the  marine  Merced  formation  near  the  base  of  the  group 
show^s  the  existence  of  the  strand  line  Avithiii  the  present  area  of  the 
Windsor  syncline. 

The  sequence  of  deposition  of  the  Sonoma  group  is  considered  to 
have  been  as  follows:  (1)  Volcanic  activity  was  initiated  innnediately 
to  the  east  and  southeast  of  Ilealdsburg  (piadrangle;  the  first  flows  ran 
far  westward  along  the  valleys  ami  blanketed  the  areas  peripheral  to 
cones;  (2)  activity  became  largely  pyroclastic,  contributing  thick  tutfs 
and  agglomerate;  (3)  simultaneously,  .streams  c<msequent  on  the  vol- 
canic slopes  attacked  the  new-made  rock,  dumping  vast  volumes  of  con- 
glomerate as  a  narrow  alluvial  api'on  between  the  volcanic  peaks  and 
the  sea. 

Interwedging  of  the  fossiliferous  marine  Merced  formation  into  the 
lower  Sonoma  group  dates  the  latter  as  late  Pliocene.  In  the  vicinity  of 
Santa  Rosa,  shallow  marine  Sonoma  tuffs  contain  molds  of  Mei'ced 
mollusks.  No  data  are  available  for  assigning  an  exact  upper  limit  to 
Sonoma  deposition. 

Sonoma  rocks  overlie  the  faulted,  folded,  and  extensively  eroded 
Mesozoie  rocks  of  the  Ilealdsburg  quadrangle  with  profound  discordance. 
The  relationship  of  the  Sonoma  group  to  Quaternary  terraces  is  uncon- 
formable ;  the  terraces  form  platforms  across  the  tilted  edges  of  Sonoma 
strata. 

Merced  Formation 

The  limited  exposures  of  Merced  formation  in  the  Ilealdsburg 
(juadrangle  are  a  light-gray,  massive  to  thick-bedded,  uniformly  medium- 
grained  sandstone  that  weathers  pale  buff.  It  is  not  cemented,  but  is  soft 
and  friable.  Abundant  marine  moUusk  molds  are  present  locally.  At 
Wilson  Grove,  a  fauna  beautifully  preserved  as  original  material  has 
been  collected  and  described  bv  Dickerson.-^ 


-<  Dickerson,  R.  E.,  Tertiary  and  Quaternary  history  of  tlie  Petaluma,  Point  Reyes, 
and  Santa  Rosa  quadrangles:  California  Acad.  Sci.  Proc,  vol.  11,  pp.  527-fiOl,  1922. 
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The  Mereed  formation  grades  upward  into  uoumarine  Sonoma 
sands  and  «?ravels  and  the  contact  lias  not  been  precisely  located.  A  mini- 
mum tliickness  of  500  feet  is  estimated  for  the  Wilson  Grove  area.  An 
avera<re  thickness  of  (iOO  to  800  feet  has  been  reported  by  Johnson  -•"'  in 
the  Sebastopol  (puidi-angle,  adjoininj;  to  the  south,  where  the  Merced  is 
widely  distribute<l.  The  Merced  blankets  the  Franciscan  terrane  west  of 
Llano  de  Santa  Rosa  south  of  the  Russian  River,  and  is  preserved  in 
structural  lows  jiloufr  the  San  Andreas  rift  at  various  points  southward 
to  the  Cioldcii  Gate;  it  crops  out  wiilely  southwest  of  San  Francisco,  at 
its  type  locality.  In  the  Healdsburfjf  (iuadran<;le  and  adjacent  areas  to 
the  south,  its  eastern  extent  has  been  controlled  by  the  western  flanks  of 
the  coeval  Sonoma  volcanos.  The  iMei-ced  is  a  beach  and  shallow  marine 
sandstone  containing,'  a  littoral  moUuscau  a.sscmblajic.  Source  for  much 
of  its  sediment  must  have  been  the  volcanic  ranges  immediately  to  the 
east.  Additional  clastic  rocks  may  have  been  derived  from  a  low  Fran- 
ciscan area  to  the  north. 

In  the  Wilson  Grove  area,  IMerced  strata  conformably  overlie  200 
feet  of  Sonoma  tuff.  They  are  in  turn  overlain  conformabh'  by  Sonoma 
saiulstone  and  conglomerate.  The  Merced  is  here  a  marine  wedge  inter- 
hedded  with  the  Sonoma  group.  The  Pierced  exposure  northeast  of  Rio 
Dell  overlies  the  Franciscan  with  profound  unconformity. 

Until  recently,  the  Merced  formation  has  been  considered  middle 
Pliocene,  on  the  basis  of  its  marine  molluscan  fauna.  Stirton,^®  however, 
in  a  study  of  vertebrate  fo.ssils  from  the  San  Francisco  Bay  region,  con- 
cluili'd  tluit  the  horse  tooth  X(oli ipixirion  (jldUi/i  Mei-riam  from  the  Peta- 
luma  fornuUion  (.-ould  be  no  oldei-  than  late  middle  or  early  upper  Plio- 
cene. At  Petaluma,  the  Petaluma  formation  underlies  the  Sonoma  group 
wnth  markeel  angular  unconformity.  It  is  probable,  therefore,  that  the 
Sonoma  and  ^Mei'ced  cannot  be  older  than  U|)i)er  Pliocene.  The  precise 
dating  must  wait  upon  correlation  of  vertebrate  and  invertebrate  faunas. 

_         ,  .  Quaternary 

Fanglomerate 

Limited  exposures  of  sharpstone  conglomerate  are  present  at  the 
south  end  of  Alexander  Valley,  immediately  adjacent  to  the  front  of 
Mayacmas  Mountains.  The  conglomerate  consists  entirely  of  angular 
Franciscan  sandstone  and  greenstone  fragments.  It  is  considered  to  be 
a  rennmnt  of  a  fanglomerate  aj)ron  developed  during  uplift  of  the 
Mayacmas  Mountains  dui-ing  the  Pleistocene.  Exposures  are  too  poor  to 
permit  an  accui-ate  thickness  determiiuition,  but  50  feet  seems  a  rea.sou- 
able  minimum  estimate. 

Terraces 

Five  well-defined  terrace  levels  are  recognizable  along  the  valleys 
of  Russian  River  and  Dry  Creek.  The  highest  stands  between  200  and 
225  feet  above  ]">resent  river  level.  This  is  preserved  as  a  notch  in  the  spur 
ju.st  northeast  of  Ciuerneville,  as  an  extensive  platform  cut  across  Fran- 
ciscan greenstone  1  mile  southwest  of  Wilson  Grove,  at  scattered  localities 
along  the  west  side  of  Dry  Creek  Valley,  as  a  great  fill  north  of  Manzanita 
School,  within  the  bend  of  the  Russian  River  north  of  Fitch  Mountain, 

25  Johnson,  F.  A.,  Petaluma  region:  California  Div.  Mines  Bull.  US,  pp.  622-627, 
1943. 

"  Stirton,  R.  A..  Cenozoic  mammal  remain.s  from  the  San  Francisco  Bay  region  : 
Univ.  California,  Dept.  Geol.  Sci.  Bull.,  vol.  24,  pp.  339-410,  1939. 
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ciiid  ;is  a  tilted  erosion  siirface  in  section  16  east  of  Maacama  Creek. 
Holway  -^  noted  the  preservation  of  a  stream  channel  on  the  top  of  the 
hill  immediately  east  of  Maacama  School,  exposed  cleanly  by  a  landslide 
in  1906.  This  beloiifis  to  the  same  erosion  surface.  The  2U0-foot  terrace, 
with  the  exception  of  the  area  north  of  Manzanita  School,  is  a  cut  terrace. 
North  of  Manzanita  School  it  is  fill. 

The  next  lower  level  stands  about  125  feet  above  present  drainage. 
This  is  particularly  prominent  alon<;  the  east  side  of  Dry  Creek  and  north 
of  Fitch  IMouiitain.  It  exteuds  as  alluvial  fans  at  increased  gradient  up 
the  larger  valleys  cut  into  the  central  hills  east  of  Dry  Creek. 

A  75-fo()t  level  is  preserved  in  small  patches  along  Dry  Creek,  north 
of  Fitch  Mountain,  and  at  the  mouth  of  Maacama  Creek.  A  level  40  to  50 
feet  above  draiiuige  is  present  west  of  the  lower  Russian  RiAcr,  imme- 
diately northwest  of  Healdsburg,  and  north  of  Fitch  Mountain. 

The  remarkably  complete  series  of  terraces  shown  within  the  bend  of 
the  Rns'.sian  River  north  of  Fitch  Mountain  owes  its  preservation  to  the 
ftict  that  tliere  the  Russian  River  has  continuou.sly  migrated  northwest- 
ward. The  interior  of  the  loop  has  acted  as  a  permanent  slip-off  slope. 

The  terrace  fill  consists  of  poorly  consolidated  cross-bedded  (piartzose 
sands,  gravol.s,  and  conglomerates,  the  pebbles  of  which  are  predomi- 
nantly Franciscan,  Knoxville,  and  Cretaceous  sandstone  and  shale,  with 
lesser  amounts  of  the  other  Franciscan  varieties,  and.  locally  Sonoma 
(lebi-is.  These  pebbles  may  be  as  large  as  4  inches  in  diameter.  Sediments 
of  the  225-  find  125-foot  terraces  have  weathered  red;  the  younger  de- 
posits cire  still  buff  colored. 

Alluvium 

The  broad  tlat  alluvial  areas  which  form  the  floors  of  Dry  Creek 
Valley,  Alexander  Valley,  and  the  Russian  River  canyon  represent  the 
most  recoit  interval  of  relatively  long  stability  in  the  drainage  system. 
This  level  extends  far  up  tlie  tributary  valleys;  it  forms  the  floor  of  the 
abandoned  meaiider  of  Guerneville.  Aerial  photographs  show  clearly 
the  countless  migrations  of  the  meander  belts  across  the  broad  tracts. 
In  years  of  extraordinarily  heavy  raiufijl,  Alexander  \'alley  and  the 
valley  beloAv  Healdsburg  are  still  subject  to  floods.  A  rancher  living  at 
the  ])oint  of  the  bend  northeast  of  Healdsburg  recorded  a  rise  of  30  feet 
above  normal  there  December  11,  1937,  the  flood  waters  having  backed 
up  at  the  Fitch  Mountain  narrows.  The  same  flood  rose  23  feet  at  a  point 
in  Alexander  Valley  about  1  mile  southwest  of  Jimtown.  On  February 
28,  1940,  a  high  of  22  feet  was  measured. 

However,  this  alluvial  surface  has  already  been  incised  15  to  20  feet 
in  the  canyon  of  the  Russian  River,  and  is  itself  on  the  way  to  becoming 
yet  another  terrace  level,  for  the  Russian  River,  has  very  recently  become 
once  again  an  actively  downcutting  stream.  Holway  -^  noted  that  a  dense 
redwood  forest  originally  covered  the  abandoned  meander  floor  at 
Guerneville.  Some  cut  redwoods  showed  2,400  annual  rings,  and  below 
one  such  stump  was  a  i)rostrate  buried  redwood  of  large  size.  He  estimates 
that  abandonment  of  the  meander  took  place  about  5,000  years  ago  and  a 
similar  age  may,  therefore,  be  assigned  to  the  peak  of  development  of  the 
broad  alluvial  surface. 


="  Holway,  R.   S.,   The  Russian  River,  a  characteristic  stream  of  the   California 
Coast  Ranges:   Univ.  California,  Pub.  Geography,  vol.  1,  no.  1,  pp.  1-60.  1913. 
=8  Holway,  R.  S.,  op.  cit. 
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Figure  3.     The  Hill  school  area,   G   miles  southeast  of  Healdsbuig,   showing  perched 
alluvium  (Qal),  and  other  physiographic  features 
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The  alluvial  areas  mapped  along:  the  east  side  of  the  Windsor  syn- 
cline  and  in  the  hollow  northeast  of  Healdsburg  are  thin  veneers  of 
material  derived  from  the  adjacent  slope  and  spread  out  as  a  wide  apron 
at  its  foot. 

Landslides 

A  combined  area  of  many  square  miles  in  the  Healdsburg  quadrangle 
is  covered  by  large-scale  slides.  Recognition  of  slide  areas  is  of  utmost 
importance  for  accurate  geological  mapping,  but  in  the  case  of  older 
slides  this  is  not  easy.  Younger  slides  show  their  origin  by  their  tongue- 
like extension  down  valleys  or  a  distinct  down-slope  lobate  form,  as  well 
as  by  presence  of  tlic  lunate  scar  from  which  they  plunged.  In  older 
slides,  the  scar  may  be  gone,  the  lower  edges  straightened.  However,  a 
hunnuocky  surface,  a  jumbled  variety  of  rock  types,  ground-water  seep- 
age, and  a  proi'usion  of  small  parallel  gullies  as  consequent  drainage,  are 
strongly  indicative  of  landsliding.  It  has  been  noted  on  several  valley- 
filling  slides  that  conseipient  streams  develop  between  the  slide  materials 
and  the  old  valley  wall  on  both  sides.  These  join  at  the  slide  end.  Presum- 
ably, as  erosion  proceeds  to  clear  aw^ay  the  slide  material,  the  two  streams 
gradually  approach  each  other,  finally  merging  into  a  single  stream 
flowing  down  the  center  of  the  cleaned-out  valley. 

The  rocks  most  liable  to  slide  are  those. most  strongly  sheared — the 
rocks  in  and  adjacent  to  fault  zones.  When  these  sheared  rocks  are 
located  on  oversteepened  slopes,  as  is  the  case  along  the  front  of  the 
Mayacmas  Mountains,  large-scale  sliding  is  assured. 

The  numerous  earthquakes  Avhich  have  affected  the  California  coastal 
region.s  ha\e  served  as  triggers  to  start  the  slides  plummeting  down  slope. 
Lawsoii  -'■*  noted  innumerable  slidas  developed  in  areas  near  the  Han 
Andreas  fault  as  an  aftermath  of  the  1906  earthquake.  In  the  Healdsburg 
quadi-angle,  the  small  slide  at  Maacama  School  is  of  that  date.  Maacama 
(heek  was  impounded  to  form  a  small  lake  which  lasted  the  few  days 
necessary  to  build  up  and  breach  the  dam. 

STRUCTURE 

The  structural  complexity  characteristic  of  the  Healdsburg  quad- 
rangle has  arisen  from  at  least  four  superposed  diastrophic  events. 
Difference  in  trend  between  earlier  and  later  deformations  is  responsible 
for  almost  complete  loss  of  identity  of  early  structures.  Much  structural 
development  occurred  during  the  long  depositional  break  in  early  Terti- 
ary and  cannot  be  precisely  dated. 

The  gross  structural  relationships  now  shown  are  (1)  anti-clinorial 
areas  of  Franciscan  rock  composing  the  Mayacmas  Mountains  and  Men- 
docino Range,  and  (2)  a  major  syncline  between  them  in  which  Knoxville 
and  Cretaceous  formations  are  preserved.  Superposed  indifferently  across 
the  earlier  structural  trends  is  the  Windsor  syncline  in  Pliocene  rocks. 
The  whole  has  been  intricatelj'  fragmented  by  a  northwest-trending  sys- 
tem of  distributive  nornud  and  strike-slip  faults. 

Folds 
The  notable  feature  of  folding  at  Healdsburg  is  its  general  open 
synnnetrieal  nature.  Overturning  is  developed  locally,  but  overfolding 

2»L.awson,  A.  C,  Branner,  J.  C,  Gilbert,  f>.  K.,  Reid,  H.  F.,  and  others,  The  Cali- 
fornia earthquake  of  April  18,  1906  :   Carnegie  Inst.  Washington  Pub.  87,  pp.  1-451,  1908. 
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and  tlirnsting  are  fairly  small  scale.  Two  periods  of  folding  are  clearly 
represented:  (1)  post — Upper  Cretaceous,  and  (2)  post  deposition  of 
the  Pliocene  Sonoma  group.  A  third  period  is  probable  between  the  close 
of  the  Jurassic  and  Upper  Cretaceous. 

Pre-Uppcr  Cretaceova  Warping.  Warping  after  deposition  of  the 
Knoxville,  but  pre-Upper  Cretaceous,  is  suggested  by  apparent  slight 
differences  in  .strike  between  the  Knoxville  and  Cretaceous  beds  along  the 
west  side  of  the  Geyserville  .syncline  northwest  of  Lytton.  The  contact 
itself,  however,  was  nowliere  seen,  so  the  indicated  unconformity  may  not 
be  actual.  If  an  unconformity  is  present,  it  nnist  be  small,  for  the  Knox- 
ville formation  and  Upper  Cretaceous  deposits  are  roughly  coextensive 
throughout  the  area. 

Post-Upprr  Cretaceous  Warpinq.  The  conspicuous  folding  which 
has  affected  the  ^Mesozoic  rocks  can  be  dated  no  more  accurately  than  later 
Upper  Cretaceous  and  earlier  than  deposition  of  the  Sonoma  group.  This 
orogeny  produced  the  large-scale  folds  represented  by  the  ill-defined 
anticline  south  of  Black  Mountain,  the  Geyserville  syncline,  the  irreg- 
ularly synclinal  area  at  Bradford  Mountain,  the  Mill  Creek  anticline,  a 
.synclinal  area  at  Porter  Creek,  and  an  undulating,  generally  anticlinal 
structure  at  Guerneville.  Anticlinal  areas,  largely  destroyed  by  subse- 
quent faulting,  are  inferred  below  the  alluvium  on  either  side  of  the 
Geyserville  syncline;  the  Knoxville  exposures  north  of  Fitch  Mountain 
and  the  Franciscan  area  west  of  Rogers  School  are  exposed  portions  of 
these. 

Save  for  a  part  of  the  Geyserville  syncline,  latei-  faulting  has  frag- 
mented the  structures,  nearly  obliterating  the  anticline  south  of  Black 
Mountain. 

Folding  was  on  a  large  scale,  but  did  not  reach  an  intensity  great 
enough  for  overturning  and  thrusting.  As  judged  by  present  dips,  which 
have  doubtless  been  locally  increased  bv  deformation  that  occurred  after 
deposition  of  the  Sonoma  group,  the  inclination  on  fold  limbs  varied 
from  20°  to  60°.  The  areas  of  steeply  dipping  to  overturned  beds  char- 
acteristic of  Fitch  Mountain  and  vicinity  are  to  be  attributed  to  later 
faulting  and  post-Sonoma  compression.  Average  fold  trend  is  N.  70°  W. 
from  20°  to  25°  more  to  the  west  than  the  trend  of  later  faulting.  This 
difference  in  trend  accounts  in  large  measure  for  present  structural 
complexity,  for  the  faults  have  cut  the  earlier  tolds  obliquely.  As  an 
example,  the  southeastern  end  of  the  Geyserville  syncline  is  truncated 
by  the  fault  zone  in  the  Russian  River  loop ;  its  southeasterly  continuation 
has  not  been  found,  unless  the  Knoxville  fault  smear  ea.st  of  the  quad- 
rangle boundary  along  Franz  Creek  is  related. 

The  axial  trend  of  the  Geyserville  s.vncline  is  anomalous  between 
Canyon  School  and  Lytton.  Neither  the  southern  jjortion,  which  bears 
N.  45°  W.,  nor  the  northern  portion,  which  sAvings  south  of  west,  conforms 
to  regional  .strike.  This  is  the  result  of  heterogeneous  folding.  The  igneous 
rocks  of  Bradford  Mountain  are  locally  thickened,  and  their  superior 
resistance  to  folding  has  prevented  normal  shortening.  As  a  result  the 
adjoining  weaker  rocks  were  forced  to  wrap  around  them.  The  anomalous 
trend  of  the  Geyserville  syncline  thus  conforms  to  the  outline  of  the 
locally  overthickened  igneous  ma.ss.  The  Franciscan  sediments  .south  of 
Bradford  Mountain  have  been  similarly  affected  and  bulge  toward  the 
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south.  Dips  along  the  west  limb  of  the  Geyserville  syncline  steepen  pro- 
gressively toward  the  area  of  minimum  shortening  in  the  Bradford 
Mountain  igneous  complex. 

As  now  exposed,  the  thickest  portion  of  the  igneous  mass  is  not 
directly  opposed  to  the  maximum  bow  in  the  Geyserville  syncline.  At  the 
time  of  folding,  however,  it  lay  about  3  miles  more  southeast  relative  to 
the  Geyserville  syncline,  having  reached  its  present  position  by  strike-slip 
movement  on  the  Healdsburg  fault. 

Plate  4  is  a  compilation  showing  post-Jurassic  diastrophism  for  the 
central  Coast  Ranges,  San  Francisco  Bay,  and  northern  Coast  Ranges. 
Data  for  the  northern  Coast  Ranges  are  scanty,  for  most  of  the  Tertiary 
is  absent.  As  Taliaferro  ^°  points  out,  the  Coast  Ranges  have  been  char- 
acterized by  localized  basins  since  the  Eocene.  Fragmentation  of  the 
extensive  Upper  Jurassic-Lower  Cretaceous  geosyncline  began  as  early 
as  the  mid-Cretaceous  disturbance.  With  local  basins  of  deposition  and 
areas  of  emergence,  regional  correlations  of  diastrophic  events  are  diffi- 
cult, for  a  gradational  contact  in  one  area  may  be  a  disconformity  or 
angular  unconformity  close  by.  Therefore,  those  events  which  appear 
insignificant  in  the  central  Coast  Ranges  and  San  Francisco  area  may 
have  been  important  in  the  interior  of  the  northern  Coast  Ranges.  Talia- 
ferro has  observed  that,  in  general,  the  intensity  of  post-Jurassic  diastro- 
pliisms  consistentl.v  increases  w'estward  from  the  Great  Valley. 

Nevertheless,  plate  4  shows  a  general  parallelism  between  events  in 
the  central  and  northern  Coast  Ranges.  The  most  important  deformations 
between  Upper  Cretaceous  and  late  Pliocene  appear  to  be  the  Santa 
Lucian  orogeny  in  mid-Upper  Cretaceous,  an  Bocene-Oligocene  interval 
of  folding  and  large-scale  normal  faulting  not  precisely  dated,  folding 
and  uplift  between  middle  and  upper  Miocene,  and  an  orogenic  episode 
between  middle  and  upper  Pliocene. 

At  Healdsburg,  Franciscan,  Knoxville,  and  Upper  Cretaceous ( ?) 
rocks  are  folded,  trending  approximately  N.  70°  W.  The  structures  were 
subsequently  cut  by  more  northerly  large-scale  normal  faults.  Between 
the  folding  and  faulting  episodes,  the  undated  formation  along  Little 
Sulphur  Creek  was  deposited.  Since  neither  the  age  of  the  Upper  Cre- 
taceous (  ?)  in  the  Geyserville  syncline  nor  that  of  the  beds  along  Little 
Sulphur  Creek  is  known  positively,  dating  of  the  folding  and  faulting 
episodes  is  impossible. 

A  probable  lower  time  limit  for  the  folding  may  be  deduced  by  refer- 
ence to  the  Covelo,  Clear  Lake,  and  San  Francisco  Bay  areas.  Where 
Paleocene  deposits  are  present,  they  unconformably  overlie  Upper  Cre- 
taceous deposits.  This  general  relationship  indicates  that  the  uncon- 
formity is  not  of  great  magnitude,  for  erosion  was  limited.  Field  evidence 
confirms  this.^"^  The  relationship  of  the  Paleocene  beds  to  lower  or  middle 
Eocene  beds  is  also  unconformable.  Here  again,  however,  both  areal 
distribution  and  local  field  evidence  indicate  that  the  diastrophism  was 
probably  too  small  to  account  for  the  major  folding  at  Healdsburg. 
Dickerson's  maj)  of  the  Upper  Cretaceous,  Paleocene,  and  middle  Eocene 
formations  at  Clear  Lake  shows  tliis  group  to  be  preserved  in  a  sj'ucline 
that  trends  N.  70°  W.,  the  same  as  the  folding  at  Healdsburg. 

30  Taliaferro,  N.  L.,  Geologic  history  and  structure  of  the  central  Coast  Ranges, 
California:   California  Div.  Mines  Bull.  118,  pp.  119-163,  1941. 

31  Dickerson,  R.  E.,  Fauna  of  the  Martinez  Eocene  of  California :  Univ.  California, 
Dept.  Geol.  Sci.  Bull.,  vol.  8,  no.  G,  pp.  61-180,  1914. 
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It  tliereforo  soonis  reasonable  to  assign  the  I'oldiiijr  at  Ilealdslnir^  to 
jx^st-iuidclle  P^oeeiie,  pre-middle  Mioeeiie.  If  tliis  conclusion  is  valid,  it 
indicates  a  like  a{;e  for  the  deformation  which  Taliaferro  ■'-  placed  in  the 
post-Paleocene  pre-]\Iiocene  interval.  ^Videsl1read  deformation  at  this 
time  mi^dit  well  exjihiiii  the  very  limited  (lislril)Ution  of  Oli^qK-cne  setli- 
meut  in  the  California  Coa.st  Ranges. 

Folding  After  Deposition  of  Sonoma  Group.  Gentle  folding  suc- 
ceeded deposition  of  the  Sonoma  group  and  Pierced  formation.  Small 
synclines  and  anticlines  were  formed  in  the  lirooks  Creek  area,  and  a 
narrow  syncline  undei-  Alexandei-  Valley  and  Dry  Creek  Valley.  Inclina- 
tions rarely  exceeded  10°,  although  many  are  now  .'50°  to  90^  in  the 
immediate  vicinity  of  the  major  faults.  ^More  representative  of  this  gentle 
folding  is  the  area  of  Merced  mapped  by  Johnson  ^^  to  the  south.  There, 
west  of  Llano  de  Santa  Ivosa.  the  Merced  forniation  is  little  distiii-bed  by 
faulting  and  has  a  maximum  dip  of  about  10°. 

Oblique  faulting  subse(|uently  affected  the  well-defined  folds  in  the 
Brooks  Creek  area,  so  that  their  exact  treiul  is  difficult  to  determine. 
General  trend  of  the  anticline  northeast  of  Hill  School  is  X.  40°  AV. ;  of 
tile  syneline  between  Brooks  and  Franz  Creeks,  N.  r)0°-60°  \V. 

The  folding  is  tentatively  dated  as  lower  Pleistocene  and  is  con- 
sidered a  i)hase  of  the  major  Coast  Ranges  orogeny. 

Steepening  of  the  dip  of  the  Sonoma  beds  after  gentle  folding  is 
ascribed  to  drag  accompanying  subsecjuent  normal  faulting,  and  to  re- 
newed but  localized  compression  attendant  upon  lai'ge-scale  strike-slip 
faulting.  For  instance,  considerable  steepening  by  drag  is  found  along 
the  ^Faacama  zone  of  normal  faidting.  Steep  to  overturned  dips  are  pres- 
ent in  the  Soncmia  beds  along  the  Maacama  zone,  vertical  dips  along  the 
Ilealdsburg  zone,  and  6.1°  dips  within  the  Alexander  zone. 

Windsor  Syncline.  Structnre  of  the  Sonoma-]Merced  formations 
underlying  Llano  de  Santa  Rosa  is  generally  synclinal,  but  is  not  re- 
garded as  a  compressioiud  downfold.  These  rocks  were  de^josited  on  an 
old  erosion  surface  which  was  subsequently  uj)warped  to  the  north  to 
form  the  present  Mendocino  Range.  At  Ilealdsburg,  the  erosion  surface 
plunges  rapidly  southeast,  ])assing  under  the  AVindsor  syncline  to  below 
sea  level.  As  judged  by  the  shallow  marine  aspect  of  the  Merced  forma- 
tion and  the  continental  character  of  the  Sonoma  group,  the  present  ele- 
vation of  these  rocks  is  not  radically  different  from  that  at  which  they 
were  deposited.  The  elevation  of  the  erosion  surface  has  here  remained 
relatively  stable.  However,  Sonoma  beds  are  lower  than  the  marine  Mer- 
ced to  the  west,  indicating  a  marked  southeast  tilting.  During  this  tilting 
the  Sonoma  rock,  which  now  underlies  Llano  de  Santa  Rosa,  rode  pas- 
sively down  to  its  jjresent  position.  The  inclination  of  the  western  side 
of  the  Windsor  syncline  is,  then,  the  inclination  imparted  by  southeast- 
plunging  tilt  of  the  Mendocino  Plateau.  The  eastern  side  is  delimited  bj' 
the  faulted  front  of  the  greatly  uplifted  Mayacmas  Mountains.  During 
the  compression  accompanying  strike-slip  faulting,  the  east  side  of  the 
structure  was  folded  up  to  its  present  position  to  i)roduce  a  synclinal 
area.  Fundamentally,  though,  the  syncline  is  no  more  than  the  low  point 
on  the  tilted  Mendocino  Plateau  block. 


S2  Taliaferro,  N.,  Geologic  history  and  structure  of  the  central  Coast  Ranges,  Cali- 
fornia :  California  Div.  Mines  Bull.  118,  pp.  119-1G3.  1941. 

»3  Johnson,  F.  A.,  Petaluma  region:  California  Div.  Mines  Bull.  118,  pp.  622-627, 
1943. 
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Faults 

The  ontstandino-  structural  feature  at  Healdsburji:  is  tlie  intricate 
fault  system,  the  dominant  control  of  present  topop-raphy  and  drainap-e. 
The  west  front  of  the  Maj'acmas  Rano-e  is  directly  molded  b^^  faulting; 
its  oversteepened  slope  is  the  eroded  Maacama  zone,  and  its  relative  ele- 
vation is  fault  displacement.  Fault-controlled  distribution  of  the  weaker 
rock  has  had  still  greater  indirect  influence  on  topography.  Along  the  less 
resistant  belts  so  localized,  major  subsequent  streams  rapidly  developed 
which  now  dominate  the  drainage.  Both  Dry  Creek  and  Alexander  Valley 
are  of  this  origin.  Further,  the  crushing  in  the  fault  zones  themselves, 
even  in  resistant  rock,  has  made  easy  the  growth  of  subsecpient  drainage. 
Dutcher,  Wallace,  Peaches,  and  Ilobson  Creeks  are  so  roi-med.  The  sin- 
uous course  of  the  Russian  River  between  Alexander  Valley  and  Hcalds- 
burg  is  a  striking  example. 

Characteristic  features  along  the  latest  faults  are  the  pitched  allu- 
viated  valleys.  Impounding  of  drainage  at  new  fault  scarps  has  formed 
ponds  in  which  alluvium  has  been  deposited  until  through  drainage  is 
again  established — a  long  process  under  the  semiarid  conditions  at 
Healdsburg.  Such  drainage  may  be  resumed  through  the  old  channel, 
but  in  many  cases  it  is  captured  by  a  subsequent  stream  working  rapidly 
along  the  fault  zone.  A  remarkable  example  of  the  latter  is  seen  in  the 
perched  alluvial  area  at  Hill  School.  Here  a  relative  movement  of  the 
southwest  side  up  and  to  the  northwest  along  the  Healdsburg  fault  be- 
headed two  small  creeks.  The  gap  in  the  ridge  west  of  Gem  is  the  beheaded 
valley  of  the  creek  just  south  of  llill  School ;  the  gap  half  a  mile  northwest 
is  the  valley  of  the  creek  north  of  Hill  School.  The  upper  reaches  of  each 
creek  have  been  captured  by  subsequent  streams.  The  small  perched 
alluvial  area  in  the  northwest  corner  of  section  6  shows  fault  damming 
of  a  stream  that  later  was  able  to  re-occupy  its  original  channel.  Other 
perched  alluvial  areas  are  present  along  the  front  of  the  Mayacmas  Moun- 
tains between  Saysal  and  Gird  Creeks,  at  the  head  of  Miller  Creek,  east 
of  Chianti,  and  at  Chiquita.  Both  examples  east  of  Chianti  show  piracy. 
Where  present,  perched  alluvium  is  an  easily  recognized  criterion  of 
recent  faulting. 

The  fault  zones  are  marked  by  alignment  of  straight  drainage  seg- 
ments, by  oversteepened  slopes,  nicked  spurs,  aligned  knobs,  landslides, 
sag  ponds,  seepage,  aligned  serpentine  smears,  and  linear  occurrence  of 
silica-carbonate  rock.  Those  faults  with  wide  gouge  zones  of  serpentine 
and  schist  may  support  only  grass,  which  shows  as  a  conspicuous  light- 
colored  band  on  air  photos.  Many  of  these  features  are  well  illustrated  by 
photographs  along  the  San  Andreas  fault  published  in  the  California 
Earthquake  Commission  report.^^ 

Three  periods  of  major  faulting  are  recognizable :  normal  faulting, 
exemplified  by  the  Little  Sulphur  graben,  which  took  place  prior  to 
deposition  of  the  Sonoma  group;  dip-slip  faulting  along  the  Maacama 
zone,  which  took  place  after  deposition  of  the  Sonoma  group;  and  still 
later  strike-slip  faulting,  most  perfecth-  shown  by  the  Healdsburg  zone. 
Strike-slip  movement  in  the  latest  episode  took  place  along  both  new  and 
pre-existing  faults. 

*»  Lawson,  A.  C,  Branner,  J.  C,  Gilbert,  G.  K.,  Reid,  H.  P.,  and  others,  The  Cali- 
fornia earthquake  of  April  is,  liMHi:  Carnegie  Inst.  Washington  Pub.  87,  pp.  i-i^l, 
1908. 
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A,  SMALL  ANTICLINE  IN  THICK-BEDDED  FRANCISCAN  SANDSTONE. 

Thin  shale  partings  separate  the  thick  sandstone  beds.  Height  of  exposure 

is  about  20  feet.  Lower  Saysal  Creek. 


B,  CRETACEOUS  (?)  COBBLE  CONGLOMERATE  WITH 

ARKOSE  SANDSTONE  LENSES. 

Geyserville  syncline  1  mile  southwest  of  Geyserville. 
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A,  CRETACEOUS    (?)    SHALE  AND  SILTSTONE  BODY 

INTERBEDDED  IN  CONGLOMERATE. 

One  mile  southwest  of  Geysefville. 


B,  VIEW  NORTH  ALONG  RIDGE  TOP  WEST  OF 

LITTLE  SULPHUR  CREEK. 

The  Little  Sulphur  fault  runs  straight  up  the  center  of  the  picture,  separating- 

Franciscan  on  the  left  from  massive  Tertiary   (?)   conglomerate  on  the  right. 
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A,  SOUTH   FACE   OF   BLACK  MOUNTAIN 

SHOWING  LANDSLIDE  SCAR. 

Grassy  slope  in  middle  ground  is  old  slide  exhibiting 

typical  hummocky  surface  and  seepage. 


B.  CLOSEUP  OF  FRANCISCAN-TERTIARY  (?)  FAULT  CONTACT 

ALONG  LITTLE  SULPHUR  FAULT. 

Light  soil  on  left  is  serpentine,   the  knobs,  schist.   The  down-faulted 

conglomerate  beds  lie  on  the  right.  Note  drag  effects. 
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SHALE  LAYERS  SQUEEZED  INTO  SHEAR  SETS  IN 
MASSIVE   FRANCISCAN   SANDSTONE. 
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A  difference  in  trend  is  distinjruisliable  between  earlier  and  later 
major  faults,  but  such  difference  is  ]ar<:ely  obscured  in  tlie  Ilealdsburg 
quadran^rle  by  tlie  dominating'-  strike-slip  trend.  Tlie  faults  are  all  con- 
sidered to  be  liijrii  an^de.  In  the  tield,  tiie  zones  are  too  wid(?  and  the  ex- 
posures too  poor  for  accurate  dip  determination.  On  air  photos,  however, 
they  are  seen  to  strike  across  ru<rfied  topofrraphy  with  but  minor  deflec- 
tion between  mountain  and  valley.  Detailed  subsurlace  mappinjr  in  the 
Mount  Jacksoji-dreat  Eastern  mine  near  Ciuerneville  indicates  tliat  the 
bounding-  surfaces  of  the  Mount  Jackson  fault  are  steep ;  the  main  min- 
eralization has  taken  place  alon<r  a  subsidiary  fault  dipping;  80'^  N.^"' 
Subsurface  maps  of  cpiicksilver  mines  in  the  western  ]\Iayacmas  district, 
which  lies  innned lately  northeast  of  the  llealdsburo-  quadrangle,  show 
the  major  faults  commonly  inclined  60°  to  85°,  some  to  the  east,  some  to 
the  west.^'^  The  writer  is  therefore  confident  that  faults  in  the  Ilealdsburg 
area  are  high  angle,  and  that  70^  to  90'  dips  predominate.  Since  accu- 
rate dip  data  are  lacking,  the  faults  have  been  arbitrarily  drawn  as  ver- 
tical on  cross-sections. 

Along  Little  Sulphur  Creek,  Tertiary  (?)  conglomerate  is  faulted 
into  Franciscan  as  a  graben  between  the  Little  Sulphur  and  Black 
Mountain  fault  zones.  A  minimum  dip-slip  movement  of  2,800  feet  is 
obtained  by  comparing  the  elevations  of  the  Tertiary  (?)  base  and 
immediately  adjoining  Franciscan  just  north  of  the  quadrangle  bound- 
ary. As  the  distribution  of  Tertiary  ( ?)  outside  the  graben  is  not  known, 
no  accurate  measurement  is  possible.  Only  the  southernmost  tip  of  the 
Tertiary  (?)  lies  Avithin  the  Ilealdsburg  quadrangle. 

The  Little  Sulphur  fault  line  is  exposed  along  the  ridge  crest  west 
of  Little  Sulphur  Creek.  Drag  eft'ects  in  the  Tertiary  (?)  are  localized 
in  the  immediate  vicinity  of  the  fault.  Within  less  than  100  feet,  the 
conglomerate  steepens  from  a  regular  dip  of  18°  to  vertical,  and  the 
strike  swings  some  70°  until  parallel  to  the  fault  trend.  The  conglomerate 
is  very  little  shattered  here,  probably  because  it  is  faulted  against  serpen- 
tine, which  servetl  as  a  lubricant.  Farther  southeast,  at  Miller  Creek, 
two  ]iarallel  faults  appear  to  the  nortlieast,  and  the  combined  zone  is 
traceable  across  Saysal  Canyon,  to  become  lost  in  the  greenstone. 

The  Black  Mountain  zone  is  extremely  complicated,  particularly 
where  it  becomes  profusely  branched  west  of  Black  Mountain.  It  deter- 
mines the  southwest  edge  of  the  Black  Mountain  greenstones.  To  the 
southeast  it  is  hidden  for  more  than  a  mile  by  a  great  landslide,  but  its 
continuation  beyond  is  traceable  to  the  quadrangle  boundary. 

Tncertainty  as  to  stratigraphic  position  within  the  Franciscan 
formation  makes  it  impossible  to  recognize  the  graben  soutli  of  the 
Tertiary  ( ?)  outcrop.  The  basin  drained  by  Saysal  Creek  coincides  with 
it  in  a  general  way. 

Northwestward,  both  faults  may  be  traced  by  aligned  subsequent 
streams  and  knobbed  spurs  across  the  adjoining  sheets.  They  determine 
the  4-mile  S.  45°  W.  segment  of  the  Russian  River  valley  immediately 
below  Ilopland,  cross  to  the  west  side  of  the  river  at  that  town,  and 
continue  up  Feliz  Creek  vallej'  to  Crittendon. 

•■^■^  Myers,  W.  B..  and  Everhart,  D.  L..  Quicksilver  deposits  of  the  GuerneviUe  dis- 
trict, Sonoma  County,  California:  California  Jour.  Mines  and  Geology,  vol.  4  4,  no.  3, 
pp.  253-277,  194S. 

^  Bailey,  E.  H.,  op  cit. 
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A  second  area  of  dip-slip  faulting  includes  the  Geyserville  syncline 
and  Fitch  Mountain.  The  frreatcr  part  of  the  boundin":  faults  are  prob- 
ably buried  beneath  the  alluvium  of  Dry  Creek  and  Alexander  Valley. 
Where  they  are  exposed,  subsequent  movements  on  the  same  zones  have 
greatly  confused  the  earlier  episode.  The  east  side  of  the  graben  is  repre- 
sented in  the  extremely  complicated  Franciscan-Knoxville-Cretaceous 
area  Avest  of  Rogers  School.  Here  the  south  end  of  the  Geyserville  syn- 
cline is  dropped  along  the  Alexander  fault  zone  against  Franciscan. 
The  northward  continuation  is  buried  for  3  miles.  It  follows  the  west  side 
of  Alexander  Valley,  determining  the  straight  east  edge  of  the  Geyser- 
ville syncline  near  Geyserville,  and  reappears  as  the  fault  pair  west  of 
Chianti  along  which  Cretaceous  and  Knoxville  have  been  downfaulted 
against  Franciscan. 

The  fault  zone  bounding  the  west  side  of  the  graben  is  even  more 
obscure  because  of  extensive  cover.  The  Fitch  Mountain  fault,  along 
which  Cretaceous  is  dropped  against  Knoxville,  may  represent  it,  or 
may  be  but  a  cross  fault.  The  Dry  Creek  fault  is  considered  a  part  of  the 
zone,  for  along  it,  just  west  of  the  quadrangle  boundary,  Knoxville  is  in 
fault  contact  with  Franciscan.  Between  these  two  areas,  the  zone  is  buried 
by  the  terraces  and  alluvium  along  Dry  Creek. 

In  both  sides  of  the  graben,  Cretaceous  and  Knoxville  strata  involved 
in  the  faulting  stand  at  high  angles  or  ar-e  overturned.  While  some 
steepening  must  have  accompanied  the  forming  of  the  graben,  much 
more  may  be  attributed  to  folding  and  compression  attendant  on  strike- 
slip  adjustments.  These  later  deformations  make  accurate  calculation  of 
original  movement  impossible.  Both  bounding  zones,  however,  indicate 
stratigraphic  throAvs  roughly  equivalent  to  the  thickness  of  the  Knox- 
ville, about  4,000  feet. 

The  Alexander  fault  zone,  on  topographic  evidence,  appears  to  con- 
tinue southeastward  and  may  control  the  east  side  of  Kenwood  Valley. 
A  few  miles  northwest  of  the  quadrangle  boundary,  it  is  joined  by  the 
Healdsburg  strike-slip  zone ;  the  combined  zone  is  traceable  diagonally 
across  the  adjoining  quadrangle,  crossing  the  Boon^alle  road  between 
Yorkville  Post  Office  and  Ingram.  The  poorly  defined  west  side  bounding 
zone  cannot  be  traced. 

The  larger  portion  of  these  dip-slip  faults  are  hidden  by  alluvium, 
or  masked  by  the  more  recent  N.  45°  W.  strike-slip  system.  There  is, 
nevertheless,  indication  that  the  trend  may  have  been  more  westerly 
than  X.  45°  W.,  for  the  Fitch  ^Mountain  and  northwest  Dry  Creek  Valley 
segments  are  oriented  nearly  due  east. 

The  normal  faulting  is  earlier  than  late  Pliocene,  for  Sonoma  rocks 
are  not  affected.  If  inferences  regarding  the  time  of  folding  of  Upper 
Cretaceous  ( ?)  and  older  rock  be  valid,  tlien  the  faulting  is  post-middle 
Eocene.  A  comparison  with  the  time  of  known  major  normal  faulting  in 
the  central  Coast  Ranges  suggests  that  it  falls  within  the  middle  Eocene 
to  Miocene  interval.  However,  no  evidence  precludes  a  later  date  for  the 
faulting,  and  during  both  the  Miocene  and  early  Pliocene  there  was 
strong  diastrophic  activity  in  the  San  Francisco  area. 

The  Maacama  and  Chianti  fault  zones  determine  the  structural 
boundary  between  the  IMendocino  Plateau  and  IVIayacmas  Mountains  in 
the  Healdsburg  area.  Along  these  zones,  dip-slip  movements  distributed 
among  many  parallel  faults  have  brought  Sonoma  volcanics  against  the 
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Franciscan  formation  east  of  Alexander  Valley.  As  Sonoma  rocks  have 
been  removed  from  that  part  of  the  ]\Iayacmas  ran<?e  immediately  to  the 
northeast  of  the  fault  zones,  only  minimum  movements  may  be  calcu- 
lated. At  ]Maacamu  Creek,  Sonoma  beds  have  been  rehitively  dropped 
at  least  1.800  feet;  at  the  head  of  Miller  Creek  they  have  been  dropped 
at  least  2,100  feet,  if  it  be  assumed  that  Black  Mountain  was  once  covered 
by  the  Sonoma.  Alonjr  the  Cliianti  zone  of  ]\Iiller  Creek,  a  .lOO-foot  dis- 
phicement  is  indicated.  The  Mayacmas  ^Mountains  were  uplifted  relative 
to  tlie  Mendocino  Plateau ;  the  oversteepened  front  east  of  Alexander 
\'alley  is  the  greatly  eroded  multijile  fault  scarp. 

On  topographic  maps,  the  Maaeama  fault  zone  may  be  traced  south- 
ea.stward  from  the  Ilealdsburg  (luadranirle  for  about  7  miles.  It  appears 
to  continue  beyond  this  point  almost  straight,  to  the  west  of  Mount  Hood. 
This  may  well  be  the  fault  shown  on  the  geologic  map  of  California  ^^ 
passing  down  the  ]\Iayacmas  Mountains  crest,  and  out  along  Carneros 
Creek ;  it  can  be  projected  directly  into  the  Concord  fault.  North  of  the 
quadrangle,  the  east  pair  of  faults  join  the  Little  Sulphur  fault,  the 
combined  zone  being  traceable  to  Crittendon. 

The  Chianti  zone  is  indicated  by  topographic  evidence  to  continue 
northwestward  at  least  9  miles.  It  controls  a  short  N.  40°  W.-trending 
segment  near  the  mouth  of  Big  Sulphur  Creek  and  is  probably  respon- 
sible for  Preston  Lake.  It  has  not  been  identified  .south  of  Alexander 
Valley. 

This  sj'stem  shows  a  consistent  bearing  of  N.  40°  W.,  the  same  as 
hiter  strike-slip  faulting.  Indeed,  it  is  thought  that  subsequent  strike-slip 
movements  have  occurred  along  most  of  these  faults;  the  perched 
alluviinn  east  of  Chianti  is  definite  evidence  of  such. 

Tlie  period  of  block  faulting  along  the  Chianti  and  ]\Iaaeama  zones 
is  correlated  with  the  diastrojihism  ^^  in  Avhich  the  Berkeley  Hills  and 
Marin  blocks  were  uplifted.  In  the  Healdsburg  area  it  accompanies  up- 
lift of  the  ]\Iendocino  Plateau  and  Mayacmas  Mountains  to  near  their 
jiresent  elevation.  It  may  well  be  coincident  with  the  middle  Pleistocene 
orogeny  wliich  strongly  affected  the  central  and  southern  Coast  Ranges. 

An  intricate  system  of  strike-slip  faults  and  accompanying  secondary 
shears  has  been  superimposed  on  all  older  deformations.  This  system  has 
conti'olled  much  of  the  subsequent  stream  pattern  at  Healdsburg,  and 
apparently  throughout  the  northern  Coast  Banges.  Average  trend  is 
N.  45°  "W..  similar  to  that  of  the  San  Andreas  fault. 

The  strike-slip  movements,  where  they  affect  the  hard  brittle  rocks 
oldei-  than  the  Sonoma  group,  have  produced  zones  of  intense  fracturing. 
In  nuitiy  cases  the  hardest  rocks,  chert,  schist,  and  igneous  types — have 
persisted  as  great  boulders  which  have  moved  and  rotated  indej)endently 
in  the  softer  gouge.  Erosion  leaves  them  as  knobs  above  the  weaker  ter- 
rain. Likewise,  shearing  movements  have  squeezed  up  and  smeared  out 
thin  serpentine  bodies,   often  with  included  blocks  of  other  material. 

Strike-slip  movements  are  not  easy  to  demonstrate  unless  recogniz- 
able structure  is  cut  at  an  angle,  or  the  movement  is  so  recent  that  some 
geomorphic  expression  remains.  Fortunately,  both  criteria  can  be  applied 
at  various  points  in  the  Healdsburg  quadrangle;  otherwise,  strike-slip 

"Jenkins,  O.  P.,  Geologic  map  of  California,  scale  1:500,000,  California  Div. 
Mines,  1938. 

asLawson,  A.  C,  U.  S.  Geol.  Atlas,  San  Francisco  folio  (no.  193),  1914. 
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could  be  mistaken  for  dip-slip  movement  in  folded  beds.  Where  positive 
evidence  as  to  direction  of  movement  is  lacking,  the  writer  has  considered 
fault  zones  showing  very  intense  shearing,  or  development  of  a  secondary 
shear  set,  to  be  strike-slips. 

The  Healdsburg  fault  best  exemplifies  the  strike-slip  type.  Along  it 
the  Geyserville  syncline  axis  has  been  sliced  and  the  southwest  side  moved 
approximately  3  miles  relatively  northwest.  In  addition  to  the  strike- 
slippage,  the  perched  alluvium  at  Hill  School  indicates  that  the  southwest 
side  has  moved  up  about  50  feet  rather  recently.  But  despite  the  uplift 
of  the  southwest  side,  the  large  liorizontal  component,  in  conjunction 
wdth  south  plunge  of  the  Windsor  syncline,  has  resulted  in  a  net  strati- 
grapliic  downthrow  to  the  southwest,  thus  mimicking  a  normal  fault. 

Upward  movement  of  the  southwest  side  is  further  indicated  by  the 
alluvial  area  near  Chiquita.  There  the  beheaded  drainage  outlet  to 
the  west  cannot  be  definitely  located ;  it  w'as  probablj'  the  gap  five-eighths 
of  a  mile  northwest  of  Chiquita.  The  subsequent  stream  which  at  first 
flowed  north  through  the  pass  where  the  highw' ay  is  located,  was  captured 
and  diverted  around  Hill  188,  then  captured  by  the  creek  flowing  south 
past  Chiquita. 

Two  minor  north-trending  cross-faults  separate  from  the  main 
Healdsburg  fault  near  Hill  School.  These  are  regarded  as  secondary 
shears  whose  angle  to  the  main  shear  direction  has  been  produced  by  a 
rotation  of  the  direction  of  horizontal  compression  at  the  time  of  move- 
ment on  the  main  fault.  Thus  the  main  compression,  which  was  north  and 
south,  was  resolved  at  the  major  fault  break  into  a  northwest  and  north- 
east component.  The  minor  faults  are  horizontal  shears  developed  along 
the  northeast  component. 

On  topographic  maps,  the  Healdsburg  fault  zone  is  traceable  south- 
eastward through  Bennett  Valle}',  thence  along  the  crest  of  the  central 
Sonoma  ^Mountains,  and  into  Sonoma  Valle}'  at  Carriger  Creek.  It  follows 
the  west  side  of  lower  Sonoma  Valley,  probably  as  far  as  San  Pablo  Bay. 
To  the  northwest  it  joins  the  Alexander  fault  zone  and  is  traceable  past 
the  Boonville  road. 

A  branch  fault  trending  N.  60°  W.  diverges  at  Adam  and  Eve 
Redwoods  and  disappears  below  alluvium.  It  is  directly  in  line,  however, 
with  the  Grass  Valley  fault  to  the  northwest  and  is  undoubtedly  a 
part  of  it. 

The  Grass  Valley  fault  shows  an  oblique  movement  of  which  the 
horizontal  component  is  1,000  feet;  the  southwest  side  has  moved  north- 
west. An  uncertain,  but  probabl}'  considerable,  vertical  component  is 
indicated,  the  south  side  having  risen.  This  fault  is  not  traceable  on 
topographic  evidence  more  than  2  miles  farther  northwest.  To  the  south- 
east it  appears  to  join  the  Healdsburg  fault. 

The  Wallace  Creek  fault  zone  is  a  complex  of  slivers  bounded  by 
interlacing  faults ;  width  of  the  network  is  0.5  to  1  mile  wide.  Evidence  of 
the  total  displacement  is  lacking.  On  the  northernmost  fault  near  "the  west 
edge  of  the  quadrangle,  the  sandstone-schist  contact  has  been  displaced 
2,000  feet.  A  strong  vertical  component  on  the  southern  fault  near  the 
Russian  River  is  shown  by  uplift  of  Franciscan  400  feet  or  more  above 
a  Sonoma  inlier.  The  isolated  Franciscan  exposure  east  of  the  Russian 
River  probably  lies  immediately  north  of  the  continuation  of  this  fault. 
The  patchy  distribution  of  strata,  such  as  the  greenstone  at  Peaches 
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Creek  iiidii-ate.s  considerable  horizontal  movement;  the  jrroup  of  second- 
ary shears  to  tlie  north  is  rehited  to  tlie  Wallace  Creek  fault  zone. 

The  southeastward  continuation  of  the  Wallace  Creek  fault  zone  is 
lost  in  Llano  de  Santa  Rosa.  However,  its  projection  lines  up  with  the 
north  end  of  a  major  fault  zone  alonj;  the  west  flank  of  the  Sonoma 
^Fountains.  This  was  mapped  by  Dickerson  ^^  east  of  Petaluma;  he 
rcfrarded  it  as  the  northern  continuation  of  the  Hayward  fault.  Its  passajre 
throuL'h  the  Sonoma  Mountains  is  well  nuirked ;  it  enters  just  south  of 
Santa  Rosa,  follows  alonjr  the  base  of  the  oversteepened  portion  hi<rh  on 
the  west  flank,  passes  throu<rh  the  Petahuna  reservoir  and  aloupr  upjicr 
Tiod«ri'rs  Creek,  and  fiiuilly  leaves  the  mountains  near  the  mouth  of  Tolay 
Creek,  disapjiearinfr  into  San  Pablo  Baj'.  A  slight  bend  to  the  west 
beneath  San  Pablo  Bay  would  brin^^  the  Wallace  Creek  fault  zone  in 
line  with  the  Ilayward  fault ;  but  if  it  continues,  instead,  with  its  averajre 
bearinjr,  it  falls  in  line  with  tlie  Pinole  faidt.  The  HayAvard  fault,  if 
projected  N.  35°  W.  to  N.  40°  W.  from  the  west  side  of  Pinole  Point, 
would  line  up  with  the  east  edge  of  Petaluma  Valley.  The  correlation  of 
the  fault  zone  in  the  Sonoma  ^lountains  with  the  Hayrvard  fault  is  there- 
fore o]ien  to  doubt.  The  Wallace  Creek  fault  zone  ai)pears  to  continue 
northwestward  from  the  quadranj^le  boundary  at  least  across  the  adjoin- 
ing 7^-minute  quadrangle. 

The  Porter  Creek  fault  zone  has  fragmented  the  synclinal  area  in 
the  lower  reaches  of  Porter  Creek.  Movement  alonir  the  component  faults 
is  shown  as  strike-slip  on  the  geologic  map,  but  this  was  concluded  by 
analogy  with  other  zones  in  the  area  rather  than  from  any  unequivocal 
evidence  to  be  found  in  the  zone  itself.  The  amount  of  displacement  along 
the  most  northerly  fault  is  not  known,  for  the  broken  strata  could  not  be 
correlated.  If  all  movement  is  considered  strike-slippage,  right  lateral 
displacement  was  about  2,(500  feet  along  each  of  the  two  central  faults,  as 
judged  by  the  position  of  the  Knoxville  contact ;  about  4,200  feet  along 
the  south  fault,  as  judged  by  movement  of  the  ^Merced  contact ;  and  about 
3, GOO  Feet  along  the  cross-fault  joining  the  southern  ]>air,  as  judged  by 
movement  of  the  gabbro. 

The  three  southern  faults  converge  northwestward,  and  the  com- 
bined zone  is  traceable  to  central  Porter  Creek.  One  mile  southwest  of  the 
quadrangle  boundary,  a  eonlinuation  of  the  zone  is  indicated  by  a  Mer- 
ced salient  just  west  of  Trenton.  Within  another  mile  the  Porter  Creek 
fault  zone  disappears  into  T^lano  de  Santa  Rosa. 

The  Mount  Jackson  fault  zone  is  particularly  significant,  for  valu- 
able fpiicksilver  deposits  occur  along  it  at  the  ]\Iount  Jackson  and  Great 
Eastern  mines  north  of  (iuerneville.  Myers  and  Everhart  '^'^  mapped  the 
area  of  the  mines,  both  underground  and  on  the  surface,  in  great  detail. 
Their  surface  map  has  been  incorporated  in  the  map  accompanying  this 
report. 

Absence  of  correlatable  strata  north  and  south  of  the  fault  zone  pre- 
vents any  calciilation  of  the  amount  of  movement.  The  width  of  the  zone 
and  the  intense  crushing,  however,  place  it  as  a  member  of  the  strike- 
slip  system,  and  an  important  one.  The  minor  faults  which  cut  the  syn- 
cline  at  the  head  of  Porter  Creek  are  secondary  shears  related  to  the 
Mount  Jackson  fault  zone. 


™  Dickerson,  R.  E.,  Tertiary  and  Quaternary  history  of  the  Petaluma,  Point  Reyes, 
and  Santa  Rosa  quadrangles,  California:  California  Acad.  Sci.  Proc,  vol.  11,  1922. 
*"  Myers,  W.  B.,  and  Everhart,  D.  L.,  op.  clt. 
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The  Mount  Jackson  fault  trends  southeast  from  the  quadranjile  as  a 
wide  zone  through  Forestville,  Sebastojiol.  along  the  west  side  of  Llano 
de  Santa  Rosa,  and  through  the  lengtii  of  the  low  ridge  west  of  Cotati  and 
Penngrove.  South  of  Penngrove  it  appears  to  pass  down  the  northeast 
side  of  Petaluma  Valley  to  San  Pablo  Bay ;  it  may  be  a  northward  exten- 
sion of  the  Hayward  fault.  The  fault  mapped  by  Johnson  *'^  V^  miles 
southwest  of  Cotati.  along  which  the  Petaluma  formation  on  the  west  is 
faulted  up  against  Sonoma  and  Merced,  may  be  part  of  the  zone.  Dicker- 
son  "*-  sliows  a  fault  on  the  north  side  of  Petaluma  Valley,  along  which 
Franciscan  on  the  south  is  faulted  against  Merced.  This  may  be  another 
segment.  These  two  portions  are  shown  as  a  single  fault  on  the  Geologic 
Map  of  California.-^^^ 

To  the  northwest,  the  Mount  Jackson  zone  may  be  followed  on  aerial 
photos  at  least  3  miles  beyond  the  quadrangle.  The  Meeker  Ranch  mag- 
nesite  prospect  is  located  on  this  fault  zone. 

In  the  northeast  corner  of  the  quadrangle  along  upper  Little  Sul- 
phur Creek,  is  another  of  the  strike-slip  fault  system — the  Pine  Flat 
fault  zone.  The  amount  of  movement  along  this  zone  cannot  be  deter- 
mined, however,  for  correlatable  stratigraphic  ties  are  lacking. 

From  Pine  Flat  southeastward  the  fault  zone  runs  along  the  west 
slope  of  Mount  St.  Helena.  Shortly  beyond,  it  enters  upper  Napa  Valley. 
Just  over  a  mile  northeast  of  the  Ilealdsburg  quadrangle,  there  are  active 
hot  springs  on  a  fault  zone  that  parallels  several  areas  of  recent  h^'dro- 
thermal  alteration  there.  The  Geysers  and  Little  Geysers  are  located 
along  it.*^ 

Major  strike-slip  faults  of  the  system  maintain  a  constant  trend, 
averaging  X.  40°  AV.  throughout  the  quadrangle,  and  apparently  for 
many  miles  beyond  its  borders.  Relatecl  secondary  shears  run  roughly 
nortli.  The  major  trend  dominates  the  Coast  Ranges  from  Healdsburg 
southeast  into  the  Diablo  Range,  east  to  the  Sacramento  Valley,  north  to 
the  Klamath  Mountains,  and  west  to  the  San  Andreas  fault.  Lawson  '^^ 
long  ago  considered  that  the  coastline  between  Point  Conception  and 
Cape  Mendocino  must  be  controlled  by  faults,  one  set  trending  N.  35°-40° 
W.,  and  another  set  trending  N.  10°-15°  W.  The  strike-slip  system,  in- 
eluding  the  related  secondary  shears,  could  well  account  for  both  these 
erosional  trends  along  the  coast  north  of  Point  Arena. 

Vickery  '^^  reported  major  strike-slip  faults  in  the  Livermore  region 
in  the  northern  Diablo  Range.  In  addition  to  the  Ilaj'vvard  fault,  he  con- 
siders the  Sunol  (Calaveras)  and  Riggs  Canyon  faults  to  be  this  type. 
These  appear  to  be  the  same  sj'stem  as  at  Healdsburg.  The  wide  Sacra- 
mento River  passage,  however,  is  an  eifective  barrier  to  accurate  tracing 
of  the  faults  between  the  central  and  northern  Coast  Ranges.  The  strike- 
slip  system  of  the  Ilealdsburg  area  is  regionally  of  great  significance,  and 
mapping  in  adjoining  areas  will  undoubtedly  show  its  great  extension 
both  to  the  southeast  and  northwest. 


*^  .lohiison,  F.  A.,  op  cit. 

*-  Dickerson,  R.  E.,  Tertiary  and  Quaternary  history  of  tlie  Petaluma,  Point  lleyes, 
and  Santa  Ro-sa  quadrang-les,  California:   California  Acad.  Sci.  I'roc,  vol.  11,  1922. 
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Displacements  alon^r  the  San  Andreas  fault  in  1900  and  the  Hay- 
ward  fault  in  18H8  are  familiar  examjilcs  of  ])r('sont  strike-slip  ai-tivity. 
At  Ilcaldshur<r.  freomorpliie  features  such  as  the  perelied  alluvial  valleys, 
the  tilted  'iOO-foot  erosion  surface  east  of  Maacama  Creek,  and  the  as  yet 
incompletely  adjusted  drainajie  system  all  indicate  recent  movement. 
Countless  cases  of  stream  piracy  just  comiiIct(Ml  or  in  ])ro^ress  arc  bnt 
now  hrin^riuf;  the  numerous  fault-controlled  subsequent  streams  into  an 
intefrratcd  system.  Latest  movement  on  most  faults  antedates  the  20(1- 
foot  terrace  level. 

The  earliest  strike-.slip  movement  that  can  be  distinpruished  cut 
Sonoma  and  Pierced  beds.  It  is  probable  that  the  fault  zone  sho^^'u  to  end 
west  of  lower  Kussian  River  valley  actually  cut  the  young  rocks  of  the 
Windsor  syncline ;  evidence,  however,  is  concealed  by  the  Russian  River 
alluvium.  The  Llano  de  Santa  Rosa  is  flat  and  without  exposures,  and  is 
completely  devoid  of  surface  indications  of  the  faults.  The  age  of  the 
strike-slip  system  is  therefore  placed  as  Pleistocene-Recent.  Initiation  of 
the  strike-slip  system  during  the  middle  Pleistocene  orogeny  seems  a 
reasonable  assumption.  If  so,  the  age  may  be  further  qualified  as  middle 
Pleistocene-Recent. 

The  strike-slip  system  with  its  great  northwest  shears  has  formed 
in  response  to  enormous  horizontal  compressive  forces.  Large  conjugate 
shears  might  also  be  expected  to  slice  northeast,  but  these  are  not  found. 
Howevei-,  within  the  body  of  the  rock  between  major  faults,  small-scale 
conjugate  shearing  has  develoi)ed  with  both  northeast-  and  northwest- 
striking  shear  planes.  Hence,  on  a  small  scale,  a  symmetrical  east-west 
lengthening  has  occurred ;  on  a  large  scale,  lengthening  in  only  one 
direction,  westward  by  northwest  .shear,  has  been  possible.  The  small 
vertical  components  accompanying  strike-slip  movements  have  absorbed 
a  part  of  the  compression. 

Right  lateral  movement  along  all  the  major  strike-slip  faults 
mechanically  defines  the  direction  of  the  causative  force  as  generally 
north-south.  Based  on  a  theoretical  study  of  the  relationship  between 
folds  and  tlie  strike-slip  faults  in  the  Livermore  district,  Vickery  ^"^ 
concluded  that  the  active  stress  was  rotational  and  from  the  south. 

At  Ilealdsburg,  a  vertical  component,  in  addition  to  the  horizontal, 
is  found  along  many  of  the  faults.  The  southwest  sides  have  consistently 
moved  up ;  and,  as  shown  by  geomorphic  relationships,  the  rise  is  not 
only  relative  but  an  actual  upthrusting  above  the  previous  level.  The 
southwest  sides,  then,  have  been  imbued  Avith  energy  greater  than  that 
possessed  by  the  northea.st  sides,  an  indication  that  the  active  foree 
operated  northward. 

The  geomorphic  map  of  California,  shows  a  sharp  break  betw^een 
the  Coast  Ranges  structure  and  the  Great  Valley.  This  break  is  clearly 
defined  topographically  from  the  south  end  of  the  valley  north  to  a  point 
beyond  Clear  Lake.  From  that  point,  although  the  vallej^  edge  swings  to 
the  ea.st,  the  dividing  line  between  Coast  Ranges  structure  and  the  Trinity 
and  Klamath  ^Mountains  crystalline  area  may  be  projected  straight  ahead. 
The  Coast  Ranges  trend  and  folding  are  at  an  angle  to  this  dividing  line, 
not  concordant  with  it.  It  seems  likely,  then,  that  between  the  Coast 
Ranges  and  Klamath  Mountain-Great  \'alley  area  there  is  a  profound 
discontinuity  at  depth ;  to  the  east  of  the  line  the  crust  has  acted  as  a 

*^  Vickery,  F.  P.,  op.  cit.  < 
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rigid  block  of  Klamath  Mountain  crystallines  and  Sierra  Nevada  granite. 
Against  this  bulwark,  the  Coast  Ranges  have  been  and  are  still  being 
shoved  by  horizontal  stress  from  the  south.  The  rocks  cannot  shear  to  the 
northeast  for  there  is  not  room  for  relief  in  that  direction.  Therefore 
they  break  in  the  great  strike-slip  system  to  the  northwest. 

Minor  Shearing.  The  brittle  pre-Sonoma  formations  are  intensely 
sheared  down  to  very  fine  dimensions,  and  innumerable  small  movements 
have  occurred  throughout  the  body  of  the  rock.  This  shearing  is  a  small- 
scale  expression  of  the  great  fault  movement  along  the  major  strike-slip 
faults.  The  intensity  and  pervasive  quality  of  the  shearing  results  from 
the  brittleness  of  the  rock  and  the  absence  of  overburden.  Along  the  shear 
planes,  quartz  has  been  deposited  as  an  intricate  network  of  tiny  veins. 

Oversteepened  Dips.  The  compression  which  resulted  in  strike- 
slippage  is  responsible  also  for  local  vertical  to  overturned  dips  near 
major  faults.  The  largest  oversteepened  area  lies  within  the  Russian 
River  loop  between  Fitch  Mountain  and  the  Alexander  fault  zone.  There, 
dips  are  consistently  vertical  to  overturned.  This  tightening  of  previously 
folded  rock  might  be  expected  to  bulge  up  the  surface.  Such  movement 
may  be  the  cause  of  the  broad  arch  in  the  Sonoma  rock  between  Alexander 
Valley  and  Chiquita.  On  both  flanks,  the  basal  Sonoma  flows  are  steepened 
to  between  65°  and  vertical ;  over  the  arch  the  dips  are  gentle.  The  appear- 
ance is  suggestive  of  upsqueezing  in  the  older  rock,  accompanied,  perhaps, 
by  actual  faulting  at  the  boundaries,  the  Sonoma  being  raised  passively. 
This  crudely  anticlinal  area  continues  southeastward  between  the  Healds- 
burg  and  Alexander  fault  zones,  nearly  to  Hill  School. 

The  oversteepening  east  of  upper  Dutcher  Creek,  along  northwest 
Dry  Creek,  and  at  points  along  the  Maacama  fault  zone  is  also  attributed 
to  the  compression  which  effected  strike-slip  movement. 

Renewed  Movements  on  Old  Faults.  Later  movements  have  occurred 
along  both  the  normal  and  dip-slip  faults.  The  intense  shearing  in  the 
Black  ^Mountain  and  Little  Sulphur  normal  fault  zones  probably  indi- 
cates strike-slip  movement.  Recent  adjustments  along  the  Maacama  and 
Chianti  dip-slip  zones  have  produced  small  upthrows  on  the  southwest 
sides.  The  perched  alluvium  between  Saysal  and  Gird  Creeks  and  at  the 
head  of  Miller  Creek  is  evidence  of  this  movement  along  the  Maacama 
zone;  two  similar  areas  east  of  Chianti  attest  to  such  movement  along 
the  Chianti  zone.  In  both  cases  at  Chianti,  the  vertical  movement  is  about 
100  feet.  These  adjustments  have  been  directly  opposite  in  sense  to  the 
major  dip-slip  movements.  Whether  the  readjustments  have  been  accom- 
panied by  strike-slip  movements  is  not  clearly  shown.  In  the  perched 
alluvium  at  Miller  Creek,  the  stream  is  deflected  northward  around  a 
knob  of  poorly  indurated  Sonoma  sediment.  This  suggests  that  the  knob 
has  been  moved  horizontally.  The  geomorphic  expression  of  recent  move- 
ment in  the  Maacama  and  Chianti  zones  is  strikingly  similar  to  that 
shown  along  the  Ilealdsburg  fault  at  Hill  School  and  Chiquita.  The 
latter  localities  show  good  evidence  of  a  large  horizontal  movement  (about 
half  a  mile  at  Hill  School)  combined  with  the  minor  vertical  component. 
Therefore,  although  the  data  supporting  strike-slip  movement  are  incon- 
clusive for  the  Maacama  and  Chianti  dip-slip  zones,  there  is  a  strong 
suggestion  of  such. 
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A  great  number  of  recent  small  movements  have  fraprmented  the 
Sonoma  rocks  along  the  Alexander  normal  fault  zone.  In  most  cases,  the 
southwest  side  has  dropped  TjO  feet  or  less.  The  fault  in  Brooks  Creek 
valley  shows  an  opposite  displacement. 

GEOMORPHIC    EVOLUTION 

Many  of  the  more  recent  geologic  events  in  the  northern  Coast 
Ranges  may  be  deduced  by  geomorphic  analysis,  for  a  reference  plane  has 
been  preserved  on  the  mountain  summits.  Lawson  ^^  first  recognized  that 
the  uniformly  accordant  ridge  crests  of  the  Mendocino  Range  represent 
an  old  erosion  surface  carved  before  the  mountains  had  been  elevated  to 
their  present  height.  Diller  •*'•*  studied  the  same  broad  erosion  surface 
in  the  Coast  Ranges  and  Klamath  Mountains  farther  north. 

Mendocino  Plnfcnu.  Between  Ilealdsburg  and  the  coast,  the  dis- 
sected surface  of  the  ]\[endocino  Plateau  is  between  1,900  and  2,200  feet 
in  maximum  height.  These  elevations  probably  represent  the  approximate 
elevation  of  the  old  erosion  surface.  They  may,  however,  be  considerably 
below  it.  for  no  uiulisseeted  interfluve  flat  remains.  The  erosion  cycle  is 
in  late  youth,  with  a  maximum  expression  of  topographic  irregularity; 
and  this  condition  may  be  prolonged  where  uplift  keeps  pace  with 
erasion.  As  a  result,  the  divides  may  have  been  lowered  uniformly,  re- 
maining themselves  accordant,  but  no  longer  showing  the  actual  position 
of  the  original  surface. 

At  Heaklsburg  and  in  the  Sebastopol  quadrangle  adjoining  to  the 
south,  there  is  a  notable  warping  of  the  plateau  surface.  A  few  miles 
north  of  Russian  River  it  stands  at  an  elevation  of  1,940  feet ;  in  a 
distance  of  14  miles  it  plunges  southward,  under  IMerced  strata,  until  at 
Estero  Americano  it  is  below  sea  level.  Between  Estero  Americano  and 
Estero  San  Antonio,  the  wide  divide  in  gentle  hills  of  Merced  strata  is 
400  to  500  feet  in  elevation.  South  of  Estero  San  Antonio,  elevations 
in  Merced  increase  slightly  as  far  as  Walker  Creek  ;  beyond  Walker  Creek, 
the  erosion  surface  rises  rapidly  from  below  the  IMerced  to  an  elevation 
of  1,000  to  1,300  feet,  within  2  miles.  Thus,  a  large-scale  down-buckle  at 
least  15  miles  wide  has  affected  the  erosion  surface.  The  structure 
produced  is  a  broad  sj-ncline  in  IMerced  strata;  its  axis  trends  eastward 
and  is  in  the  low  between  Estero  Americano  and  Estero  San  Antonio. 
Within  the  broad  downwarp,  Merced  beds  have  been  preserved ;  on  either 
side  they  have  been  stripped  off,  and  the  old  surface  upon  which  they  were 
deposited  has  been  bared  and  modified. 

In  Ilealdsburg  quadrangle,  the  surface  slopes  rapidly  southeastward, 
dropping  far  below  sea  level  beneath  the  Windsor  syncline.  Farther 
north,  the  surface  slopes  more  gradually  eastward,  first  to  between  700 
and  800  feet  in  the  hills  between  Dry  Creek  and  Alexander  Valley,  then 
to  600  feet  east  of  Chianti.  East  of  the  Chianti  fault  zone,  the  IMayacmas 
M(mntains  rise  steeply  to  3,115  feet  at  Black  Mountain.  The  Chianti  and 
Maacama  fault  zones  divide  the  Mendocino  Plateau  from  the  Mayacmas 
Rancre. 


**  Lawson,  A.  C,  The  greoniorphologry  of  the  coast  of  northern  California  :  Univ. 
California,  Dept.  Geol.  Sci.  Bull.,  vol.  1.  no.  8,  pp.  24  1-272.  1894. 

*»  Diller,  J.  S.,  Topographic  development  of  the  Klamath  Mountams :  U.  S.  Geol. 
Survey  Bull.  196,  pp.  l-*i9.  15*02. 


42  IIEALDSBURO    QUADRANOLE  [Bull.    IGl 

Mayacmas  Mountains.  The  erosion  surface  is  similarly  registered 
in  the  Mayacmas  IMomitains  by  a  general  accordance  of  summit.s.  Diller 
noted  this  feature  between  the  Russian  River  and  Clear  Lake.  East  of 
Healdsburg  a  northeastward  surface  tilt  is  shown  by  a  drop  in  elevation 
from  4,000  feet  (the  Sonoma-Franciscan  contact  at  Cobb  Mountain)  to 
about  2,000  feet  at  Clear  Lake.  Along  the  crest  of  the  range  on  either  side 
of  Cobb  Mountain,  the  elevation  is  above  8,000  feet.  AVhile  this  is  con- 
siderablv  below  the  height  at  Cobb  Mountain,  it  is  distinctly  higher  than 
the  elevations  to  the  northeast.  That  it  is  lower  than  Cobb  Mountain  is 
attributed  to  the  fact  that  protective  Sonoma  lavas  have  been  stripped 
oif  and  the  original  surface  eroded. 

Age  of  the  Erosion  Surface.  There  is  some  doubt  as  to  the  time  at 
which  the  erosion  surface  was  developed.  The  generally  planar  aspect  of 
the  surface  upon  which  jMerced  and  Sonoma  rocks  were  unconformably 
deposited  is  evidence  that  a  well-developed  erosion  surface  existed  in  the 
Healdsburg  area  by  late  Pliocene.  As  shown  by  the  irregular  distribution 
and  local  overthickening  of  basal  Sonoma  lavas,  the  surface  was  not 
devoid  of  topography,  for  these  variations  w^ere  probablj^  controlled  by 
gentle  hills  and  valleys.  Nevertheless,  the  erosion  surface  may  be  used 
to  indicate  in  a  general  way  the  dia.strophism  which  has  occurred  since 
deposition  of  Merced  and  Sonoma  strata. 

Uplift  of  the  Erosion  Surface.  A  great  differential  in  amount  of 
uplift  between  the  Mendocino  Plateau  and  Mayacmas  Mountains  is 
evident  in  the  Healdsburg  area.  The  erosion  surface,  which  lies  below  sea 
level  beneath  the  Windsor  syncline,  stands  at  4,000  feet  along  the  crest 
of  the  Mayacmas  Range.  The  Merced  formation  of  the  Healdsburg  area, 
deposited  under  shallow  marine  conditions,  now  has  an  elevation  not 
much  aboA^e  sea  level ;  that  part  of  the  Mendocino  Plateau  block  on  which 
it  lies,  therefore,  has  been  relatively  stable.  With  this  as  a  plane  of  refer- 
ence it  is  clear  that  the  Mayacmas  Range  has  reached  its  present  elevation 
by  active  rise  of  that  block.  The  sharp  break  between  the  INIendocino 
Plateau  and  Mayacmas  Mountains  falls  at  the  Maacama  fault  zone,  a 
major  dip-slip  system  showing  relative  movement  in  the  same  sense  in 
which  the  large  blocks  have  moved.  It  is  probable,  therefore,  that  the 
active  uplift  of  the  Mayacmas  Mountains  was  effected  along  the  Maacama 
and  Chianti  zones. 

LTplift  of  the  Mayacmas  Mountains  was  not  uniform ;  rather,  tilting 
was  to  the  northeast.  Similar  tilting  of  the  Mendocino  Plateau  carried 
Sononui  rock  well  below  sea  level  in  the  Windsor  syncline. 

The  differential  movement  at  Healdsburg  is  a  local  phenomenon 
concurrent  with  a  general  uplift  of  both  the  Mendocino  Plateau  and 
j\Iayacmas  IMountains  to  the  north.  For  some  reason,  the  ]\Iendocino 
Plateau  block  at  Healdsburg  rose  to  the  north  and  sank  to  the  south  and 
southeast,  although  uplift  of  the  Coast  Ranges  appears  to  have  been 
uniform  to  the  north.  The  area  of  division  between  the  two  blocks  is  along 
the  line  marked  by  extrusion  of  Sonoma  voleanics;  a  line  of  weakness 
seems  to  have  long  predated  the  dip-slip  faulting.  What  density  relation- 
ships were  effected  deep  in  the  crust  by  the  withdrawals  and  intrusion  of 
magma  during  Sonoma  time  is  unknown.  Variations  in  these  may  have 
been  responsible  for  the  different  responses  of  the  two  blocks  to  later 
uplift. 
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It  seems  reasonable  to  place  initiation  of  uplift  in  the  middle  Pleis- 
tocene, the  time  of  a  major  disturbance  in  the  central  and  southern  Coast 
Ranjres.  Since  a  graduated  system  of  marine  and  rivercut  terraces  leads 
down  to  tiie  present  level,  and  the  lower  levels  are  young  and  well 
preserved,  it  is  apparent  that  terrace  levels  now  forming  may  shortly 
be  raised  to  stand  as  one  more  mark  of  the  progress  of  uplift.  The  end 
of  this  event  has  not  been  reached. 

Russian  Rirrr.  Ilolway 's  •"'"  conclusions  regarding  the  history  of 
the  Russian  Kivcr,  made  at  a  time  when  only  the  crudest  maps  were 
availiibk'  in  this  area,  are  largely  substantiated  by  the  present  work. 
Only  a  few  specific  details  may  be  added  to  his  excellent  analysis. 

In  brief,  he  concluded  that  the  lower  Russian  River,  which  traverses 
the  Mendocino  Range  through  a  deep  canyon  cut  in  resistant  Franciscan 
rock,  is  antecedent,  that  its  course  had  been  consequent  across  the  Mendo- 
cino block  before  uplift.  The  longitudinal  segment,  stretching  northw^ard 
from  Llano  de  Santa  Rosa,  he  considered  subsequent.  He  cited  the 
narrow  i  anyon  cut  through  Sonoma  rock  1  mile  south  of  Jimtown  in 
Alexander  Valley  as  evidence  of  local  superposition,  for  the  wide-open 
valley  to  the  east  has  been  bj'-passed. 

Hohvay  has  shown  that  consequent  drainage,  roughly  paralleling  the 
Russian  River,  once  flowed  across  the  ^Mendocino  block  to  the  north.  Best 
example  is  the  Xavarro  River,  Avliich  drains  northwest  into  the  Pacific 
from  the  crest  of  the  Mendocino  Range  some  20  miles  northwest  of 
Ilealdsburg.  The  Navarro  lies  in  direct  line  with  a  long  valley  trending 
southeast  from  the  crest  to  join  the  Russian  River.  This  segment,  in  turn, 
is  directly  in  line  Avith  Big  Sulphur  Creek  which  flows  into  the  Russian 
River  from  the  southeast.  At  Yorkville,  Ilolway  found  a  windgap  be- 
tween the  Xavarro  and  the  Russian  River  tributary,  indicating  that  the 
Xavarro  was  beheaded  by  extension  of  the  Russian  River  as  a  subsecpient 
stream.  He  attril)uted  the  rapid  growth  of  the  subseciuent  portion  of  the 
Russian  River  to  the  presence  of  a  line  of  weakness,  probably  a  fault,  and 
noted  the  probable  presence  of  a  fault  delimiting  the  end  of  the  long 
gorge  northeast  of  Cloverdale. 

The  present  work  at  Ileal(lsl)urg  shows  the  character  of  the  line  of 
weakness.  It  is  determined  by  the  strike-slip  fault  system.  The  entire 
course  of  the  river  from  Ukiah  (40  miles  northwest  of  Ilealdsburg)  to 
Alexander  Valley  is  composed  f)f  sti-aight  segments  trending  S.  40"  E., 
joined  together  by  south-trending  segments.  The  S.  40^  E.  portions  are 
following  the  fault  zones  which  at  Ilealdsburg  lie  along  Alexander  A'alley 
and  in  the  Mayacmas  Mountains.  Ilolway 's  fault  northeast  of  Cloverdale 
is  the  extension  of  the  Chianti  /one. 

Along  the  subsequent  portion  of  the  Russian  River,  stretches  of 
abnormally  wide  valley  are  interspersed  with  segnuMits  of  narrow  can- 
yon. Alexander  Valley  and  the  valley  below  Ilealdsburg  are  two  such 
overwidened  portions;  at  Cloverdale  and  Ilopland  are  others.  In  the 
Healdsburg  quadrangle  it  is  clear  that  the  abnormal  width  depends  on 
the  structurally  controlled  presence  of  weak  rocks.  The  river  has  been 
able  to  erode  wide  valleys  in  these,  but  has  cut  only  narrow  valleys 
through  the  harder  rock.  The  weak  rocks  beneath  Alexander  Valley  are 
Kuoxville  shale  and  poorly-  consolidated  Sonoma  sediment;  beneath  the 

^'  Holway,  R.  S.,  The  Russian  River :  a  characteristic  stream  of  the  California 
Coast  Ranges:  Univ.  California  Pub.  Geograpliy,  vol.  1,  no.  1,  pp.  1-60,  1913. 
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lower  valley,  they  are  Sonoma  sediment.  Sufficient  time  has  elapsed  in 
downeuttin<?  the  resistant  rock  between  overwidened  valleys  to  permit 
the  formation  of  wide  erosion  surfaces  where  weaker  material  is  present. 
No  doubt,  the  development  of  the  overwidened  valleys  north  of  Healds- 
burg  has  been  similarly  controlled. 

The  anomalous  passage  through  Sonoma  rock  south  of  Jimtown 
appears  to  be  explainable  only  by  superposition.  Flat-lying  gravels  240 
feet  above  present  drainage  level  at  Ilopland  may  have  formed  the  surface 
from  which  the  river  became  superimposed.  Field  evidence  supports  this. 
A  level  200  feet  above  drainage  is  preserved  at  Manzanita  School,  south- 
west of  AVilson  Grove,  north  of  Fitch  Mountain,  and  at  IMaacama  Creek. 
This  is  also  the  elevation  of  the  hill  at  Jimtown.  At  ]Manzanita  School  the 
terrace  is  fill ;  therefore,  a  subsidence  must  have  taken  place  at  least  once 
during  the  general  uplift  of  the  northern  Coast  Ranges.  As  a  result  of 
the  subsidence  the  pre-existing  vallej's  were  filled  with  gravel.  Subse- 
quent resumption  of  uplift  permitted  renewed  erosion  to  clear  away  the 
gravels  rapidly ;  only  remnants,  like  the  terrace  at  Manzanita  School,  can 
now  be  seen.  The  wide  development  of  cut  terrace  levels  at  this  stage 
indicates  a  lengthy  stillstand.  Depth  of  the  fill  at  ]\Ianzanita  School  is 
150  feet,  if  the  outcrop  of  Franciscan  in  the  right-angled  bend  of  the 
road  1  mile  northwest  of  Manzanita  School  represents  the  old  valley 
floor.  This  is  a  measure  of  the  amount  of  subsidence. 

The  curious  sinuate  course  of  the  river  through  the  canyon  between 
Alexander  Valley  and  Healdsburg  was  considered  by  Ilolway  to  have 
arisen  by  meander  intrenehment.  Present  mapping  shows,  rather,  that 
this  portion  is  structurally  controlled.  Nearly  the  entire  course  lies  within 
readily  erodable  Knoxville  shale.  The  river  has  occupied  this  canyon  at 
least  since  the  subsidence  which  produced  the  200-foot  erosion  level. 

A  striking  break  in  the  divide  between  Alexander  Valley  and 
Healdsburg  is  present  at  Lytton.  It  has  the  aspect  of  a  windgap.  "Why 
the  Fitch  Mountain  Canyon  was  occupied  in  preference  to  this  broad  low 
in  soft  sediments  is  difficult  to  explain.  A  subsidence  earlier  than  that 
identified  with  the  200-foot  erosion  and  fill  level,  coupled  with  develop- 
ment of  subsequent  streams  at  Fitch  Mountain,  could  account  for  it. 
If  preceding  the  supposed  subsidence,  subse(iuent  streams  at  Fitch  ]\Ioun- 
tain  had  work  headward  both  from  east  and  west  in  the  readily  erodable 
Knoxville  shale  belt,  a  relatively  low  divide  could  have  been  carved. 
Regional  subsidence  would  produce  potent  aggregation  in  the  Russian 
River  channel  at  Lytton,  weak  aggregation  in  the  subsequent  stream 
channels  at  Fitch  Mountain,  but  none  in  the  divide  there.  Aggradation 
at  Lytton,  if  long  continued,  could  have  raised  the  elevation  higher  than 
the  divide  at  Fitch  Mountain.  Likewise  aggregation  in  all  streams  enter- 
ing Russian  River  east  of  the  Lytton  Gap  would  raise  the  entire  Alexander 
Valley  areas  and  the  Russian  River  would  divert  from  the  channel  at 
Lytton  to  cross  the  lower  divide  at  Fitch  ^Mountain.  "With  cessation  of 
subsidence  and  renewed  downcutting,  the  new  course  would '  become 
entrenched  and  secured.  Evidence  to  confirm  this  is  lacking. 

Ilolway  showed  that  the  Russian  River  never  has  flowed  down  Llano 
de  Santa  Rosa  to  San  Pablo  Bay,  although  the  highest  divide  between  the 
present  course  and  the  bay  is  the  low  ridge  along  the  west  edge  of  the 
Windsor  syncline.  The  river  was  evidently  seated  very  early  at  the  So- 
noma-Franciscan  contact.  Ever  since,  a  low  cuesta  of  Sonoma  strata  has 
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stood  between  it  aud  the  wide  valley  open  to  the  south  to  San  Pablo  Bay. 
It  must  have  been  a  very  tenuous  dividing:  line  at  the  time  of  subsidence, 
for  the  20()-foot  erosion  level  is  nearly  as  lii<i:li  as  the  cucsta. 

The  course  of  the  Kussian  Kiver  tlirouy:li  the  Mendocino  Ranjre  is 
antecedent.  Tlie  meanders  between  Wilson  Grove  and  Guerneville  are 
])robably  structurally  controlled.  Each  of  the  northwest-tiowing  segments 
is  along  a  member  of  the  strike-slip  fault  system. 

The  erosion  level  last  developed,  which  carries  across  the  wide  val- 
leys and  far  up  the  tributaries,  is  correlated  with  a  very  late  subsidence 
which  drowned  many  valleys  along  the  coast  south  of  the  Russian  River 
and  created  San  Francisco  Bay.  j\Iost  recently,  a  slight  uplift  has  caused 
the  Russian  River  to  begin  active  erosion  once  more  ;  the  river  has  already 
cut  20  to  25  feet  into  the  surface. 

Ilolway  ascribed  the  imjjeded  drainage  in  Laguna  de  Santa  Rosa,  a 
few  miles  south  of  the  Ilealdsburg  (puidrangle,  to  very  recent  folding  in 
the  Windsor  syncline.  However,  the  sloughs  lie  along  projections  of  the 
Porter  Creek  and  ^Mount  Jackson  strike-.slip  fault  zones.  They  are  possi- 
bly sags  caused  by  recent  fault  movement. 

MINERAL    RESOURCES 

Deposits  of  rocks  and  minerals  in  the  Ilealdsburg  quadrangle  have 
been  discussed  in  a  report  on  Sonoma  County  by  Ilonke  and  Ver  Planck.^^ 
Of  these,  only  quicksilver,  crushed  rock,  and  sand  aud  gravel,  are  in 
sufficient  quantity  to  be  economically  important. 

Building  Stone.  A  small  quarry  about  2  miles  southwest  of  Ilealds- 
burg, near  Felta  school,  supplied  building  stone  for  local  use  in  the  early 
1900 's.  The  rock  is  Sonoma  basalt  witli  well-developed  columnar  jointing. 
From  the  columns,  flat  stone  can  be  broken.  Quarry  output  was  probably 
used  entirely  for  winerj-  con.struction  in  the  neighborhood. 

Chromitc.  Chromite  is  commonly  present  as  a  minor  accessory  in 
the  serpent inized  peridotites  of  the  Ilealdsburg  quadrangle.  In  the  ser- 
pentine along  the  ridge  northeast  of  Ilealdsburg,  localized  chromite  con- 
centrations in  pods  yielded  a  few  sacks  of  ore  during  World  War  I.  The 
small  scale  operation  exhausted  what  chromite  was  exposed  on  the  sur- 
face and  no  development  work  was  undertaken. 

Crushed  Rock.  Rock  suitable  for  road  metal  and  construction  fill 
is  found  abundantly  in  the  Ilealdsburg  quadrangle.  Franciscan  green- 
stone and  chert,  where  thoroughly  sheared,  break  dowTi  readily  to  make 
an  admirable  unpaved  road  surface,  and  are  much  used  for  ranch  and 
county  fire  roads  within  the  area.  Firndy  cemented  massive  Franciscan 
sandstone  is  usable  for  construction  fill  and  is  quarried  by  Siri  and  King 
Construction  Company  in  sec.  20,  T.  8  N.,  R.  10  W. 

Copper.  Prospects  for  copper  have  failed  to  find  commercial  quan- 
tities in  the  Ilealdsburg  quadrangle.  The  pits  north  of  Chapman  Brook, 
in  sec.  4,  T.  9  N.,  R.  10  W.,  all  prospect  faulted  gabbro.  Small  quantities 
of  malachite,  azurite,  and  cuprite  are  present  in  shattered  quartz  veins. 

"  Honke,  Martin  T.,  Jr.,  and  Ver  Planck,  WilHam  E.,  Jr.,  Mines  and  mineral  re- 
sources of  Sonoma  County,  California:  California  Jour.  Mines  and  Geology,  vol.  4(;, 
pp.  83-141,  1950. 
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To  the  northwest,  in  sec.  32,  T.  10  N.,  K.  10  "W.,  adits  penetrate  meta- 
morpliosed  greenstone.  No  ore  was  seen  on  the  dumps. 

One  other  prospect  for  copper  is  located  on  the  south  slope  of  Wild 
Hog  Hill,  where  small  flecks  of  native  copper  are  present  in  sheared  schist 
contained  within  a  large  serpentine  body. 

The  prospecting  for  copper  was  carried  out  70  to  80  years  ago. 

Hematite.  Brilliant  red  hematite  incrustations  on  weathered  chert 
were  formerly  mined  in  sec.  18,  T.  8  N.,  R.  9  W.,  for  local  use  as  pigment 
in  barn  paint.  The  mine  has  been  long  abandoned. 

Lime  Rock.  An  old  marble  quarry  and  kiln  are  located  in  sec.  14, 
T.  10  N.,  R.  9  W.  The  marble  is  gray  and  finely  crystalline,  but  in  scattered 
patches  some  calcite  crystals  reach  a  length  of  as  much  as  2  inches.  The 
material  is  metamorphosed  Franciscan  limestone.  Lime  was  first  burned 
here  about  1880.  The  body  is  far  too  small  to  be  of  economic  importance 
today. 

Manganese.  ]\Ianganese  oxide  is  common  as  stains  on  Franciscan 
chert  at  numerous  localities  within  the  Healdsburg  quadrangle,  but  does 
not  occur  in  commercial  quantity.  A  few  tons  of  ore  were  produced 
during  World  War  I  from  the  pit  in  sec.  8,  T.  10  N.,  R.  8  W.,  where  the 
oxide  is  present  in  typical  association  with  Franciscan  chert  and  green- 
stone. Details  on  manganese  deposits  of  the  entire  area  have  already 
been  published.^-  Of  18  additional  manganese  deposits  reported  b}'  Trask 
in  Sonoma  County,  5  are  in  the  Healdsburg  quadrangle.''^  The  only 
recorded  production  was  10  tons  of  50  percent  manganese  in  1934,  from 
the  Dreamland  mine  northwest  of  Mark  West  Springs.^^ 

Petroleum.     No  oil  or  gas  has  been  found  in  the  Healdsburg  area. 

The  IMortara  Oil  Company  drilled  three  dry  holes  in  Alexander  Valley, 

data  for  which  are  included  below. 

Depth 

Sec.  Year  in  ft.        Bottomed  in 

(22)     Mortara  Oil  Co. ca.  1935  20<)  Francisc.ui 

8       Mortara  Oil  Co.  "Bidwell"  No.  1  1936  2881  Franciscan 

8       Mortara  Oil  Co.  No.  2 1037  3772  Franciscan   (?) 

*  Data  from  California  Di\ision  Mines  Bull.  118,  p.  661. 

Quicksilver.  The  Mount  Jackson  mine,  sec.  16,  T.  8  N.,  R.  10  W., 
was  operating  in  1950,.  Ore  is  cinnabar  in  silica-carbonate  rock  gangue 
localized  along  the  Mount  Jackson  fault  zone.  Combined  total  production 
of  the  Mount  Jackson  and  Great  Eastern  mines,  which  have  been  worked 
together  throughout  most  of  the  productive  period,  has  been  58,4(j7  flasks, 
1875-1945.  This  is  more  than  two-thirds  of  the  total  quicksilver  produc- 
tion of  Sonama  County.  Myers  and  Everhart  ^"^  published  a  detailed 
surface  and  subsurface  study  of  this  mining  district,  and  the  reader  is 
referred  to  that  for  further  information. 
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'^Jenkins,  O.  P.,  et  al.,  Manganese  in  California:  California  Div.  Mines  Bull.  125, 
1943. 

Trask,  Parker  D.,  et  al..  Geologic  description  of  the  manganese  deposits  of  Califor- 
nia :  California  Div.  Mines  Bull.  152,  1950. 

63  Trask,  Parker  D.,  et  al.,  op.  cit.,  pp.  283-286. 

"Trask,  Parker  D.,  et  al.,  op.  cit.,  pp.  283-284. 

^  Myers,  W.  B.,  and  Everhart,  D.  L.,  Quicksilver  deposits  of  the  Guerneville  dis- 
trict, Sonoma  County,  California:  California  Jour.  Mines  and  Geology,  vol.  44,  pp.  253- 
277,  1948. 
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An  abaiuloiKHl  mine  in  sec.  31,  T.  10  X.,  H.  8  W.,  has  seen  attempted 
prodnction  durinp:  both  world  wars.  The  ore  is  cinnabar  in  silica- 
carbonate  rock  and  shattered  Franci.scan  sand.stone  along  the  Maacama 
fault. 

Numerous  prospect  pits  and  adits,  scattered  widely  in  tlie  Ilealds- 
burj?  quadranjrle,  have  been  oi)ened  to  test  silica-carbonate  ledges. 

Sand  and  Gravel.  Six  companies  at  present  take  sand  and  gravel 
in  quantity  from  the  Russian  River  and  Dry  Creek  channels  to  be  used 
for  construction  pur])oses.  These  are  Basalt  Rock  Company,  Dry  Creek 
Gravel  Company,  Ilarvcy  Taylor,  llein  Brotliei's.  ^Maxwell  Brothers,  and 
Onsrud  Construction  Company.  The  Basalt  Kock  Conijnniy  is  by  far  the 
largest  producer  and  operates  an  extensive  modern  plant  just  southeast 
of  Ilealdsburg. 

Tin.  Fault  gouge  a.ssayiiig  l.oo  percent  stannous  oxide  is  reported 
from  the  prospect  in  sec.  13,  T.  9  N.,  R.  10  "\V.  The  gouge  zones  occur  along 
small  faults  cutting  P^ranciscan  chert.  Commercial  quantities  have  not 
been  found. 

GEOLOGIC    HISTORY 

]\Iany  events,  particularly  in  early  Tertiary,  cannot  be  accurately 
dated  at  Ilealdsburg.  for  no  record  has  been  preserved. 

During  Upper  Jurassic  time  Franciscan  shallow  marine  elastics  were 
deposited  in  a  geo.syneline  developed  at  the  foot  of  highlands  to  the  Avest. 
The  western  laud,  which  served  as  a  source  for  the  enormous  volume  of 
pediment,  must  have  risen  in  pace  with  erosion,  for  no  marked  reduction  in 
grain  size  occurs  throughout  the  Franciscan  sediments.  In  the  upper  part 
of  the  Franciscan  ai-e  large  volumes  of  basalt,  dacite.  and  agglomerate 
erupted  from  submarine  volcanos ;  basic  and  ultrabasic  magma  Avas 
intruded  as  sills,  plugs,  and  dikes.  The  submarine  eruptions  were  ac- 
companied by  chemical  deposition  of  radiolarian  chert  from  the  siliceous 
marine  waters.  Pnoumatolytic  metamorphism.  produced  by  high  tem- 
perature and  abundant  volatiles  in  the  intrusives,  locally  atfeeted  both 
sediments  and  volcanic  rocks. 

With  continued  subsidence  and  a  waning  of  igneous  activity,  the 
latest  Jurassic  Knoxville  marine  shale  was  dejiosited.  Upper  Jurassic 
rocks  were  warped  sometime  before  the  Upper  Cretaceous;  however,  the 
time  of  the  warping  and  the  trends  imposed  are  unknown. 

A  re-elevation  of  the  old  land  to  the  west,  possibly  with  Franciscan 
lajipiiig  upon  it,  contributed  great  (piautities  of  conglomerate  to  a  rapidly 
sinking  basin  in  I'pper  Cretaceous.  The  conglomerate  of  the  Geyserville 
syneline  represents  a  piedmont  or  marginal  phase. 

In  the  upper  Eocene-Oligocene  interval,  the  rocks  were  moderately 
compressed  to  form  a  series  of  open  folds  trending  N.  70°  W.  Slight 
subsidence  occurred  and  the  fresh  and  brackish  water  conglomerate  and 
siltstone,  now  exposed  along  Little  Sulphur  Creek,  accumulated.  Subse- 
quently, the  folded  rocks  and  newly  deposited  conglomerate  and  siltstone 
were  cut  obliipiely  by  normal  faults,  and  grabens  were  produced. 

Whether  ]\Iiocene  strata  were  deposited  over  the  folded  rock  is 
unknoAm,  but  if  so,  they  were  completely  stripped  off  by  late  Pliocene  and 
a  gently  undulating  erosion  surface  truncating  the  older  rocks  was  cut. 
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Crustal  disturbance  in  late  Pliocene  resulted  in  volcanic  activity 
along  the  line  of  the  present  Sonoma  Mountains  and  subsidence  below  sea 
level  of  the  land  to  the  west.  The  volcanos  erupted  the  tuffs  and  basalts 
of  the  Sonoma  group  while  concurrent  stream  action  deposited  thick 
conglomerates  and  sandstones  as  an  apron  between  the  volcanic  cones 
and  the  strand.  The  finer  clastic  material  which  reached  the  shallow  sea, 
accumulated  as  the  fossiliferous  Merced  sandstone. 

Soon  after  the  Sonoma-Merced  strata  were  deposited,  probably  in 
the  lower  Pleistocene,  gentle  comprCvSsion  formed  minor  flexures,  now 
preserved  in  the  Brooks  Creek  area.  A  time  interval  elapsed,  probably  a 
short  one,  during  which  an  erosion  surface  was  developed  on  the  Sonoma- 
Merced  rocks. 

In  middle  Pleistocene,  uplift  began  which  has  continued  intermit- 
tently to  the  present.  First,  consequent  drainage  was  established  across 
the  Mendocino  Plateau  block,  a  forerunner  of  the  sj'stem  of  today.  The 
uplift  has  never  been  too  swift  for  the  early  drainage  to  keep  pace ;  the 
present  westerly  flowing  rivers  are  antecedent. 

The  uplift  appears  to  have  been  uniform  to  the  north,  but  in  the 
Healdsburg  quadrangle,  the  southern  end  of  the  Mendocino  Plateau 
lagged  behind  or  was  negatively  affected.  Independently,  the  ]\Iayacmas 
Mountains  rose  and  tilted  northeastward,  the  differential  motion  being 
taken  up  by  formation  of  major  dip-slip  faults,  the  Maacama  and  Chianti 
zones.  An  east  tilt  was  also  imparted  to  the  south  end  of  the  Mendocino 
Plateau  which  carried  Sonoma  rock  to  below  sea  level. 

At  some  time  during  the  uplift,  or  perhaps  accompanying  it  through- 
out, horizontal  pressures  directed  from  the  south  produced  an  intricate 
sj^stem  of  strike-slip  faults.  Along  these  major  shears  the  southwestern 
sides  have  moved  many  thousands  of  feet  northwest  and,  in  later  stages, 
upward  to  a  small  degree.  These  movements  are  still  in  progress. 

Wave-cut  terraces  along  the  Pacific  Coast  have  registered  the  course 
of  uplift  over  1520  feet  of  elevation.  During  the  latest  stages,  river 
terraces  from  400  feet  above  drainage,  downward,  have  preserved  a 
record  of  the  movements. 

In  the  Healdsburg  quadrangle,  filled  terraces  200  feet  above  river 
level,  attest  to  an  interval  of  subsidence  superimposed  on  the  general 
uplift.  At  this  time,  the  land  was  depressed  about  150  feet  as  indicated 
by  thickness  of  gravels  deposited.  Since  then,  lower  terraces  register 
periods  of  stillstand  during  later  uplift.  The  broad  fill  now  covering  the 
wide  valleys  shows  a  second  period  of  subsidence,  correlated  with  drown- 
ing of  valleys  southward  along  the  coast  and  the  formation  of  San  Fran- 
cisco Bay.  The  most  recent  event  is  a  slight  uplift  which  has  rejuvenated 
the  Russian  River,  so  that  it  is  now  cutting  deeply  into  the  last  broad 
valley  fill. 
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ABSTRACT 

Glaucophane  schists  are  of  widespread  oocurreni^e  in  the  Uppor  Jurassic  Fran- 
ciscan group  in  the  Coast  Ranges  of  California.  The  schists  described  herein  are 
principally  from  areas  north  of  San  Francisco  Bay:  Tiburon  (Marin  County)  ;  Camp 
Meeker,  Porter  Creek,  and  Mill  Creek  (all  in  Sonoma  County)  ;  and  Syke  Ranch  near 
Laytonville  (Mendocino  County). 

The  term  glaucophane  schist  is  used  to  include  a  wide  variety  of  glaucophane- 
bearing  rocks,  and  those  closely  related  containing  little  or  no  glaucopliane,  with 
textures   varying   from   schistose   to  granulose.   Four   niiijor   types  are   glaucophane- 
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cliuozoisite-miiscovite-garnet  schist,  glaucophane-muscovite-gamet  schist,  glaucophane- 
muscovite-diopside-jadeite  schist,^  and  diopside-jadeite-garnet  granulite.  Numerous 
minor  types  include  glaucophane-garnet-albite  granulite,  glaucophaiie-muscovite  schist, 
glaucophane-lawsouite  schist,  glaucophane-biotite-quartz  schist,  hornblende  granulite, 
hornblende-garnet  granulite,  and  lawsonite-chlorite  schist. 

Optical  data  and  chemical  analyses  are  given  for  albite,  glaucophane-crossite- 
riebeckite  series,  tremolite-actinolite  series,  zoisite-clinozoisite-epidote  group,  lawsonite. 
muscovite,  pumpellyite,  and  diopside-jadeite.  Differential  thermal  curves  are  shown  for 
lawsonite  and  pumpellyite,  and  the  tabular,  prismatic,  and  equidimensional  crystal 
habits  of  lawsonite  are  discussed  and  illustrated.  The  thermal  analysis  of  pumpellyite 
shows  that  water  in  the  formula  is  present  in  part  as  (OH)  and  in  part  as  H2O.  The 
occurrences  of  antigorite,  apatite,  chlorite,  garnet,  hornblende,  quartz,  rutUe,  sphene, 
sulfides  of  iron  and  copper,  and  talc  are  described. 

The  30  different  minerals  found  in  the  glaucophane  schists  were  successfully 
introduced  over  a  considerable  time  interval  and  the  schists  have  been  strongly  affected 
by  hydrothermal  activity.  A  more  or  less  typical  sequence  of  mineralization  is  that  in 
the  Camp  Meeker  area  :  diopside-jadeite,  garnet,  hornblende,  muscovite,  clinozoisite, 
zoisite,  apatite,  actinolite,  glaucophane,  pumpellyite,  sphene,  chlorite,  and  pyrite. 
Pumpellyite,  lawsonite,  sphene,  chlorite,  pyrite,  and  albite  are  often  in  veins  or  seams. 

INTRODUCTION 

The  glaucophane  schists  found  in  the  Coast  Ranges  of  California 
present  several  problems  to  the  geologist  wliich  have  caused  considerable 
interest  and  controversy.  The  question  of  chief  interest  concerns  the  mode 
of  origin  of  these  unusual  glaucophane-bearing  rocks.  Questions  of  purely 
mineralogical  interest  arise  concerning  several  unusual  minerals  of  the 
schists  while  an  inseparable  companion  problem  involves  the  serpentin- 
ized  peridotite  intrusives  which  are  closely  associated  with  the  glauco- 
phane schists.  It  is  the  purpose  of  the  present  paper  to  describe  in  detail 
the  mineralogy  of  the  schists  examined  in  various  areas  in  Marin,  Sonoma, 
and  Mendocino  Counties  during  the  summers  of  1939  and  1940. 
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GLAUCOPHANE  SCHISTS  AND  RELATED  ROCKS 

The  term  glaucophane  schist  is  used  in  a  general  sense  to  include  all 
rock  types  making  up  this  particular  group,  of  which  glaucophane-bear- 
ing  rocks  are  members.  Thus  it  includes  not  only  rocks  containing  glauco- 
])hane,  but  closely  related  rocks  containing  little  or  no  glaucophane. 
Texturally  the  rocks  may  vary  from  schistose  to  granulose. 

The  textnral  and  mineralogical  variability  of  the  California  glauco- 
])liane  schists  is  so  great  that  it  is  difficult  to  give  the  schists  a  systematic 
petrographic  description.  Most  outcrops  show  a  well-defined  schistose 
structure,  but  schistosity  may  be  weak  or  absent.  Strong  foliation,  due 
to  the  aggregation  of  some  i)articular  constituent  into  lenses,  streaks,  or 
irregular  bands,  is  a  common  feature.  The  less  common  minerals  of  the 
schists  are  found  as  local  segregations, 

1  Diopside-jadeite  in  this  paper  refers  to  the  solid  solution,  as  a  mineral. 
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The  glaucophane-bearing  aud  related  rocks  in  the  areas  studied  have 
been  divided  into  four  major  types,  plus  a  larger  number  of  minor  types. 
The  major  types  are  glaucophane-clinozoisite-muscovite-garnet  schist, 
glaucophane-musc'ovite-garnet  sciiist,  glaucophane-muscovite-diopside- 
jadeite  schist  and  diopside-jadeite-garnot  granulite.  Of  tlie  numerous 
minor  types  the  following  are  examples :  glaucophane-garnet-albite  gran- 
ulite, glaucophaiie-muscovite  scliist,  glaucopliane-lawsonite  schist,  glauco- 
phane-biotitc-(|uai-tz  .schist,  hornblende  gi'anulitc,  hornblende-garnet 
granulite,  and  lawsonite-chlorite  schist. 

DESCRIPTIVE    MINERALOGY 

About  30  distinct  mineral  species  were  found  as  constituents  of  the 
glaucophane  schists  in  the  ai'cas  studied.  These  are  listed  al])liabetically 
in  tabic  1.  A  few  minerals  of  secondary  origin,  in  particular  calcitc, 
limonite,  and  malachite,  have  not  been  included. 

The  localities  mentioned  in  the  following  pages  are  shown  on  the 
index  map,  figure  1. 

Table   I.      Minrrals  of  the  California  </laiicophu>ie  srhistn. 

Albite 
Aniphibole  group 

( Jlaiu-oi>li;iiii'-rit'beckl(e  series 

'rreinol i t t'-:i i •  t  i n< )li te  series 

Hornblende 
Autigorite 
Apatite 
Chlorite 
Epidote  group 

Zoisite 

('lin()'/.oisit«'-»'i>i(lote  series 
Garnet 
Lawsonite 
Mica  group 

Muscovite 

Fuchsite 

Biotite 
Pumpellyite 

Pyro.xene  (diopside-jadeite) 
Quarts 
U  utile 
Spbene 
Sulfides 
Talc 

Albite 

Albite  in  the  glaucophane  schists  and  associated  rocks  is  a  common 
mineral  and  is  found  in  three  distinct  occurrences,  but  always  of  the  same 
composition, 

Albite  is  found  mo.st  commonly  as  narrow  veins  in  glaucophane 
schist,  in  part  massive  but  also  developed  as  sharp  crystals  projecting 
into  interior  open  spaces.  The  crystals  are  twiinied,  made  up  of  two 

individuals,  and  are  tabular  parallel  tojOlO}.  They  range  in  size  from 
1  millimeter  to  20  millimeters. 

A  second  occurrence  of  albite  is  as  the  granular  groundmass  of 
glaucophane-garnet-albite  granulite.  The  albite  grains  of  the  granulite  are 
commonly  untwinned,  and  are  fairly  uniform  in  size,  about  0.5  milli- 
meter in  diameter. 
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Figure  1.     Index  map  of  some  glaucophane  schist  localities  In  northern  California 
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The  third  oeciirro)n.'e  of  albite  is  in  veins  up  to  5  centimeters  in  width 
cuttiufj  <;reenstones.  Avhicli  ai'o  closely  associated  with  frlaueophane  schist. 
In  these  veins  the  albite  is  in  coarsely  crystalline,  massive  form. 

Determination  of  the  refractive  index  of  material  of  each  type 
of  occurrence  jjave  P  =  l.r)20-l.r).'U  {±  0.002).  The  composition  of  the 
albite  according  to  these  data  is  approximately  Ab9sAn2. 

One  analysis  has  been  made  -  of  albite  of  the  first  type.  The 
material  is  described  as  coarsely  crystalline  albite  from  a  vein  6 
inches  wide,  cuttings  fjflaueophane  schist.  The  analysis  is  as  follows: 
SiO,.,  67.0!);  Al.O:,,  20.47;  CaO,  0.24;  XaoO,  10.96;  H2O  (— ),  0.57; 
H2O  (  +  ),  0.5f(;  sum  9f).62.  The  analysis  calculates  to  Ab97.6An2.4. 

Glaucophane- Riebeckite  Series 

Distinct  species  of  the  p:laucophane-riebeckite  series  include  glauco- 
phane, crossite,  and  riebeckite.  Glaucophane  is  the  characteristic  mineral 
of  the  California  p-laucophane  schists,  and  although  some  members  of 
the  schist  group  contain  no  glaucophane,  in  general  it  is  one  of  the  major 
constituents  of  these  rocks.  "Wie  other  members  of  the  series  are  rare  in 
the  California  rocks.  Crossite  was  found  in  small  amounts  in  six  widely 
scattered  localities,  and  riebeckite  at  only  one  locality. 

Members  of  the  glaucophane-riebeckite  series  found  in  the  areas 
studied  by  the  writer  cover  a  rather  wide  range  in  composition,  as  shown 
by  the  data  summarized  in  table  2.  Optical  constants  are  given  for  seven 
specimens  chosen  from  various  localities  to  represent  the  maximum 
composition  range  found.  Numbers  1  to  3  are  glaucophane,  numbers  4,  5, 
and  6  are  classed  as  crossite  because  of  the  transverse  position  of  the 
optic  plane,  and  number  7  is  riebeckite. 

Four  chemical  analyses  had  been  made  of  California  glaucophane 
up  to  the  time  the  present  work  was  undertaken.  TTn fortunately,  most  of 
these  are  old,  and  only  one  is  accompanied  by  optical  data.  In  order  to 
improve  these  data  two  new  anah'ses  have  been  made.  These  are  given  in 
table  8,  columns  5  and  6.  along  with  the  four  older  analyses. 

Zoned  s()da-ainj)liiboles  are  common  in  various  rocks  of  the  glauco- 
phane schist  group.  Tiiree  types  of  zoned  cr^'stals  were  observed: 
(1)  glaucophane-actinolite,  (2)  glaucophane-hornblende,  and  (3)  cross- 
ite-glaucophane.  Glaucophane-actinolite  zoning  is  characterized  by  the 
constant  ajipearance  of  the  glaucophane  on  the  periphery  of  the  crystals. 
Ill  some  specimens  glauco]ihane  is  present  only  as  a  very  narrow  rim, 
gradually  fading  into  the  green  interioi-  of  actinolite.  In  others  the 
crystals  may  be  almost  wholly  glaucophane,  with  occasional  small  relict 
cores  of  actinolite  renuiining.  In  most  cases  the  zoning  is  not  sharp. 

Glaucoi)hane-liornblende  zoning  is  uncommon.  In  a  few  rocks  com- 
posed almost  entii'cly  of  bluish-green  hornblende,  a  narrow,  irregular 
])eripheral  zone  of  glaucophane  about  hornblende  is  occasionally  observed. 

Specimens  from  various  localities  show  blue  glaucophane  crystals 
surrounded  by  a  peripheral  zone  of  deeper  blue  crossite. 

Members  of  the  glaucophane-riebeckite  series  in  the  California  rocks 
studied  show  a  considerable  range  in  habit.  The  crystals  are  always 
prismatic  and  some  are  tine  acicular  crystals  in  matted  aggregates.  Maxi- 
mum size  attained  by  single  crystals  is  approximately  2  by  20  millimeters. 

-  Blasdale,  W.  C,  Contributions  to  the  mineralogy  of  California:  Univ.  Califor- 
nia, Dept.  Geol.  Sci.  Bull.,  vol.  2,  no.  11,  pp.  327-348,  1901. 
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Table  3.     Chemical  unalynen  of  California  glaucophane. 
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1 

2 

3 

4 

6 

6 

SiOt     

54.52 
0.39 
9.25 
4.44 
9.81- 
0.46 

10.33 
1.98 
7.56 
0.16 
1.78 

52.39 
0.14 

11.29 
3.74 
9.13 
trace 

11.37 
3.03 
6.14 
trace 
2.57 

54.72 

8.27 
7.03 
11.82 
0.36 
7.26 
1.58 
6.31 
0.40 
1.96 

55.02 

4.75 
10.91 
9.46 
trace 
9.30 
2.38 
7.62 
0.27 

54.40 
0.31 
5.62 

11.04 
9.97 
0.14 
9.06 
1.56 
5.86 
0.09 
2.01 
0.03 

49.95 

TiOj 

0.11 

AJiOi - 

4.23 

FeiOj     

16.93 

FeO. 

13.05 

MnO 

4.95 

MgO 

3.52 

CaO. 

0.39 

NaiO  

4.94 

KjO 

0.32 

HiO(  +  ) 

0.87 

F 

none 

100.68 

99.80 

100.14 

99.70 

100.09 

99.26 

1.  Glaucophane — from  glaucophane  schist,  San  Pablo.  California.  W.  C.  Blasdale,^  analyst. 

(Na,Ca,K)a.4(Mg,Ke")3.3(Al.Fc"')2.iSl7.7022(OH)2.o. 

2.  Glaucophane — frcjin  glaucophane  schist.  San  I'ablu,  California.  W.  C.  Blasdalc,"  analyst. 

(Na.Ca,K)a.2(Mg,Fe")3.r,(.'\l.Fc"')i.i.SiT..-,0-{OU);.o. 

3.  Glaucophane — Berkeley,  California.  W.  Kunitz.^  analyst.  Optical  data  given  by  Kunitz  indicate  that  this 
material  is  glaucophane.  although  he  calls  it  crossite. 

(Na,Ca,K)2.i(Ke",Mn.Mg)s.o(Al,Fe"')LMSi7.s02;(0H)i.8. 
i.  Crossite — Berkeley.  California.  W.  S.  T.  Smith,*  analyst. 

(Na.Ca,K)2..'.(Mg,Fe")3.3(Al.Fe"')L..oSi8:;Oa(OH)i.o. 
5.  CrossitL — Berkeley,  California.   F.  A.   Gonyer,  analyst.  Analysis  made  on  type  material  obtained  from 
C.  Palache,  optical  data  hv  Switzer  given  in  table  2,  column  6. 

(Na.Ca)i.o(Fe".Mn.Mg)3.)(Fe"',Al)a.u(Si,Al.Ti)8.o022(0H)2. 
(j.  Riebeeklte— Mill  Creek,  Sonoma  County,  California.  F.  A.  Gonyer.  analyst.  Optical  data  given  in  table 
2.  column  7.   (Na,K.Ca)i.8(Fe",Mn.Mg)3.2(Fe"',Al)LM(Si.Al)s.2023(OH)o.«. 
1  Blasdale.  \V.  C. .  op.  cit. 
2Blasdale,  W.  C.  op.  cit. 

3  Kunitz,  W'..  Die  Isomorphleverhaltnisse  in  der  Ilornblcndegruppe:  Ncues  Jahrb.  f.  Min.,  Band  60,  Abt.  A., 
pp.  171-2.")0,  193(t. 

*  Palache,  C.  On  a  rock  from  the  vicinity  of  Berkeley  containing  a  new  soda  amphibole:  Univ.  California, 
Dept.  Geol.  Sci.,  Bull.,  vol.  1,  no.  6.  pp.  181-192.  18i»4. 

Tremolite-Actinolite  Series 

Amphiboles  of  the  tremolite-actinolite  series  are  abundant  in  the 
areas  studied.  Deep  green  actinolite  is  a  common  mineral,  and  is  found 
as  a  constituent  of  large  masses  of  glaucophane  schist. 

A  common  occurrence  of  actinolite  is  in  spherical  or  ellipsoidal 
nodules  of  long  radiating  crystals,  embedded  in  glaucophane  schist. 
These  nodules  have  smooth  rounded  surfaces  and  make  sharp  contact 
with  tlie  surrounding  rock.  They  may  be  pure  actinolite,  or  actinolite 
and  talc  intergrown.  In  size  they  range  from  5  centimeters  in  diameter 
up  to  several  meters.  Individual  crystals  in  some  of  the  larger  nodules 
have  been  observed  having  a  length  of  50  centimeters. 

In  all  occurrences  studied  the  deep  green  actinolite  is  very  constant 
in  its  optical  properties.  Pale-colored,  low-iron  members  of  the  tremolite- 
actinolite  series  are  uncommon  in  the  California  glaucophane  schists. 

Three  chemical  analyses  have  been  made  of  tremolite-actinolite  from 
tlie  California  glaucophane  schists  by  W.  C.  Blasdale.^  These,  combined 
with  optical  data  determined  by  the  writer,  show  this  material  to  be 
typical  tremolite-actinolite. 

Hornblende 

Hornblende  is  an  abundant  mineral  in  the  glaucophane  schists,  and 
some  rock  types  of  the  schist  group  are  composed  largely  or  entirely  of 
this  mineral. 


»  Blasdale,  W.  C,  op.  cit. 
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No  chemical  analysis  has  been  made  of  the  honihleiide,  but  all  occur- 
rences in  the  schists  have  essentially  the  same  coni])osition  and  afe  com- 
mon hornblende.  Optical  properties  from  two  different  localities  are 
given  in  table  4. 

Table  //.      Optical  constanLs  of  lionihlende. 


1 

2 

a         1.658 

1 .657 

&         1.670- 

1.068 

Y          1.680--    

1.680 

Op.  char.  (— )2V  =  75° 

(_)  2V  =  75° 

Orient.  Y  =  b 

Z:c  =  20°.- 

Y  =b 

Z:c  =  16° 

X    pule  yellow 

pale  yellow- 

Y    olive  green.-  .       _    -              .        . 

olive  tureen 

Z    bluish  green 

bluish  green 

Indices  of  refraction  ±  0.002. 

1.  Hornblende — from  hornblende-garnet  granulite.  Occidental  VVPA 
quarry.  Camp  Meeker  area. 

2.  Hornblende — from  hornblende  granulite.  Tiburon  Peninsula. 

Antigorite 

Antigorite  was  found  at  only  one  locality,  in  the  Mill  Creek  area,  as 

a  constituent  of  a  member  of  the  glaueophane  schist  group.  The  rock  is  an 

antigorate  granulite  and  is  composed  essentially  of  a  fine-grained  mass 

of  platy  antigorite  crystals.  In  hand  specimen  it  is  pale  green,  in  thin 

section  colorless. 

Apatite 

Apatite  is  a  minor  mineral  in  the  California  glaueophane  schists. 
It  is  found  in  a  few  localities  in  small  amount,  as  veins  of  white,  coai'sely 
crystalline  material  up  to  2  centimeters  wide.  Occasionally  subhedral 
crystals  are  found  growing  in  cavities. 

The  largest  crystal  seen  is  from  near  Vallej^  Ford,  in  the  Camp 
Meeker  area.  It  is  a  rough,  tabular,  white  crystal  approximately  1  centi- 
meter by  3  centimeters  in  dimensions.  Forms  present  on  the  crystal  are 

m   {  1010  }    and  c    {  0001  }  .  The  crystal  is  in  the  M.  Vonsen  collection, 
Petaluma,  California. 

Small  subhedral  crystals  with  more  complex  form  development  were 
found  in  cavities  in  glaueophane  schist  from  Lagunitas  Creek,  near 
Nicasio,  Marin  County.  These  crystals  are  colorless  and  transparent, 
tabular  in  habit,  and  from  one  millimeter  to  3  millimeters  in  size.  Forms 

observed  were :  (^{OOOI },  m{l0T0},  a{ll20},  a;{lOTl}  ,  and  w{213l}. 
The   physical   properties   of   apatite   from   several   localities   were 
determined,  and  all  gave  essentially  the  same  result:  Uniaxial    ( — ), 
(or=:1.631,  8=1.634;  sp.  gravity  =:3.15. 

Chlorite 

Chlorite  is  a  widespread,  abundant  mineral  in  the  glaueophane 
schists.  Optical  properties  determined  on  chlorite  from  five  different 
localities  had  the  following  range:  2V=0-10°,  p=rl. 598-1. 620.  all  optic- 
ally (  +  ).  One  chemical  analysis  of  chlorite  from  California  glaueophane 
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schist  was  made  by  BlasJale,^  but  no  optical  properties  are  given.  A 
detailed  study  of  these  chlorites  is  still  lacking. 

Epidote  Group 

All  of  the  members  of  the  epidote  group,  zoisite,  cliuozoisite,  and 
epidote  are  found  as  constituents  of  the  California  glaucophane  schists. 

Zoisite  is  not  abundant  in  the  glaucophane  schists  in  the  areas 
studied.  At  Tiburon  Peninsula  it  was  found  as  one  of  the  constituents  of 
a  medium-grained,  nutssive  zoisite-actiuolite  granulite.  In  the  Camp 
Meeker  ar(>a  it  was  found  as  small,  glassy  crystals  associated  with  clino- 
zoLsite  and  apatite.  Tiie  most  remarkable  locality  found  for  zoisite  wa.s 
on  the  Syke  Ranch,  near  Laytonville,  Mendocino  County.  Here,  in  a  large 
glaiicopluine  schist  outcrop  exposed  during  road  construction,  some 
bladcd  zoisite  crystals  up  to  2  feet  in  lengtii  were  revealed.  The  optical 
properties  of  the  zoisite  from  these  tliree  localities  are  the  same,  and  are 
as  follows:  a=].696,  /?=].698,  y=1.701;  opt.  (  +  )  ;  2V=30°  ;  r<v 
strong;  Y=:zh,  X=c.  Features  of  note  are  low  birefringence,  abnormal 
blue  interference  colors  in  sections  perpendicular  to  Z,  and  strong 
dispersion. 

Clinozoisite  is  an  important  rock-forming  mineral  of  the  glaucophane 
schists.  This  material  is  colorless  in  hand  specimen  and  typically  has  the 
following  optical  properties:  a=1.713,  /3=1.T22,  7=1.732;  opt.  (  +  )  ; 
2V=85°  ;  r<v  moderate;  Y=h,  X  :  c=  -2°. 

Epidote  (distinctly  colored  in  hand  specimen  and  pleochroic  in  thin 
section)  is  uncommon  in  the  glaucophane  schists  of  California. 

Garnet 

The  garnets  of  the  glaucophane  schists  of  California  have  been 
described  in  detail  by  Pabst,^  who  shows  that  tliere  is  a  considerable 
difference  in  composition  of  the  garnets,  but  that  the  almandite  end- 
member  predominates  and  is  fairly  constant  (ranged  from  48-56  per  cent 
in  four  different  localities).  Other  end-members  are  present  and  their 
ranges  in  composition  are  :  grossularite  8-30  per  cent,  andradite  4-24,  and 
pyrope  10-20  per  cent. 

Garnet  is  usually  found  uniformly  distributed  throughout  glauco- 
phane and  pyroxene  rocks.  The  garnet  crystals  are  in  general  euhedral 
and  attain  a  maximum  size  of  1  centimeter.  They  are  usually  isolated  in 
a  ground-mass  of  glaucophane  or  pyroxene,  but  occasionally  have  formed 
as  segregations  of  pure  "sugary"  garnet  in  bands  up  to  several  centi- 
meters in  thickness. 

Lawsonite 

Lawsonite  is  a  widespread  mineral  in  the  California  glaucophane 
schists.  It  is  usually  distinctly  crystalline  and  is  found  in  three  different 
habits,  either  equidimensional,  tabular,  or  prismatic.  The  crystals  are 
found  either  embedded  in  muscovite  or  chlorite,  or  growing  into  open 
cavities  in  veins.  The  tabular  crystals  are  found  only  as  porphyroblasts 
in  lawsonite-chlorite  schist.  Crystals  of  the  other  types  are  found  in  both 
modes  of  occurrence.  The  crystals  are  generally  striated  and  rough.  In 
size  they  vary  from  1  millimeter  or  less  to  a  maximum  of  5  centimeters. 
Drawings  of  typical  crystals  are  shown  in  figure  2. 

*  Bla.sd;ile,  W.  C,  op.  cit. 

5  Pabst,  A.,  The  garnets  of  the  glaucophane  schists  of  California:  Am.  Mineral- 
ogist, vol.  16,  pp.  327-333,  1931. 
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FiGURB  2.     Variation  in  habit  of  lawsonite  crystals  from  Sonoma  County,  California 

Lawsonite  is  orthorliombic,  rhombic  dipjTamidal.  Structural  data 
liave  been  determined  by  Gossner  and  Mussgnug  '^  and  WickmanJ  Their 
results  are  in  essential  agreement  except  for  the  space  group.  Wickman's 
values  are  as  follows :  a=:8.88,  &=5.75,  c=13.30  k  X,  space  group  C  222. 
These  dimensions  rearranged  in  the  conventional  order  c<a<b  are 
a=8.88,  6=13.30,  c=5.57  k  X,  and  the  corresponding  axial  ratio  is 
a:h:c—0M8:l:0AS2. 

A  new  morphological  setting  has  been  proposed  by  Strunz  ^  because 
of  non-agreement  of  x-ray  data  with  the  morphological  setting  chosen  by 

^  Gossner,  B.,  and  Mussgnug,  F.,  Rontgenographische  Untersuchungen  an  Prehnit 
und  LavvRonit:   Centralbl.  Mineralogie,  1931,  Abt.  A.,  pp.  422-423. 

'Wickman,  F.  E.,  The  crystal  structure  of  law.sonite,  CaAhCSlsOT)  (OHa) -HaO : 
Arkiv  foer  Kemi,  Mineralogi,  oeh  Geologi,  vol.  25A,  no.  2,  7  pp.,  1947. 

8  Strunz,  H.,  tiher  Kristallography  und  Chemische  Zusammensetzung  von  Lawsonlt 
und  Lievrit:  Zeitschr.  Kristallographie,  Band  96,  pp.  504-506,  1937. 
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Figure  3.     Differential  thermal  curve  of  lawsonit*-  fiH>m  near  Valley  Ford, 

Sonoma  County,  (.'alifornia 

Kansome."  The  desirability  of  tlie  change  is  further  substantiated  by  the 
resultant  simplification  of  the  indices  of  the  forms  in  the  new  setting. 
The  new  morplioloqrical  setting  requires  not  only  a  change  of  position 
of  the  unit,  but  doubling  of  one  of  the  axial  lengths.  The  transformation 
is  given  by  010/002/100.  The  morphological  axial  ratio  is  in  good 
agreement  with  that  derived  from  the  unit  cell  dimensions,  as  the 
coni]>arison  given  below  shows  : 

a  :  h  :  c  =^  0.6771  :  1  :  0.4504  (from  morphology) 
a  :  h  :  c  =  0.668     :  1  :  0.432    (from  unit  cell) 

A  new  angle  table  has  been  calculated  for  all  known  forms  on 
lawsonite,  using  the  elements  derived  by  Ransome,  but  in  the  orientation 
required  by  the  structural  study  of  Wickman  (table  5). 

Twinning  is  common  on  lawsonite,  the  twin  plane  being {  101  }.  Con- 
tact twins,  made  up  of  two  individuals  are  found,  but  more  commonly 
the  twinning  is  polysynthetic  and  seen  only  under  the  microscope. 

A  change  in  tabulation  of  some  of  the  physical  properties  is  required 
by  the  new  morphological  setting.  The  necessary  changes  are  given  in 
table  6. 

The  cleavage  is  more  easily  developed  in  some  specimens  than  others. 
For  example,  long  prismatic  crystals  from  ]\Iark  "West  Creek,  near  Santa 
Rosa,  California,  break  across  their  length  with  an  irregular  fracture, 

»  Ransome,  F.  L.,  On  lawsonite,  a  new  rock-forming  mineral  from  Tiburon  Penin- 
sula, Marin  County,  California:  Univ.  California.  DepL  Geol.  Sci.  Bull.,  vol.  ],  pp. 
301-312,  1893. 
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Tahle, 


Lairsonite  angle  table. 


Orthorhombic :  dipyramidal  • 
a:l):c  =  0.6671  :  1  :  0.4504 
Qi:  n:  pi-  0.6671:  1.5033:  1 


2/tn      2/m 

roi=  0.6652  :  0.4504  :  1 
n  :  p- :  f72  =  2.2203  :  1.4770  :  1 


-  2/m 


<!> 

P 

•I'l 

pi=A 

<t>2 

P2=B 

b  010 

a  100 

d  120 

e  210 

k  101 

0°00' 
90°00' 
36°27' 
71°18' 
OO^OO' 
61°44' 
e5''42' 

90=00' 
90°00' 
90°00' 
OO^'OO' 
.3.3°38' 
37°03' 
36°07' 

90°00' 

OO'OO' 

90°00' 

0°00' 

24°14' 
1G°43' 

90°00' 
0°00' 
53°33' 
18°42' 
56°42' 
57°57' 
57°30' 

0°00' 

0°00' 

0°00' 

56°22' 

56°22' 

56°22' 

0°00' 
OO^OO' 
36^27' 
71°18' 
56°22' 

r   111 

73°25' 

s  323. 

75°58' 

whereas  lawsonite  from  Tiburon  Peninsula  when  broken  in  the  same 
direction  yields  a  perfect  cleavage  plane  very  readily. 

Lawsonite  from  all  localities  examined  was  very  constant  in  its 
refractive  index,  the  maximum  variation  never  exceeding  the  limits  of 
error  of  the  immersion  method  (d=  0.002).  The  values  obtained  from  all 
localities  are  as-  follows:  a  =  1.665,  /3  =  1.672,  y  r=  1.685;  opt.  (  +  ) 
2V  =  85°  ;  X  =  c,  Y  =  a. 

Eight  chemical  analyses  have  been  made  of  lawsonite,  five  of  them 
from  California.  All  are  essentially  the  same  and  on  calculation  yield  the 
molecular  proportions  CaO.Al2O3.2SiO2.2H2O.  The  formula  for  lawsonite 
lias  been  written  in  various  ways,  but  the  recent  work  of  Wickman  ^°  has 

Tahle  6.     Physical  properties  of  lawsonite. 


Cleavage 

Optical  orientaiion. 


Old 


iOlO)  perfect 
!001>  perfect 

I  llOV  imperfect 

X  =  o 
Y  =  6 
Z  =  c 


New 


,100>  perfect 
|oio[  perfect 

1 101  f  imperfect 

X  =  c 
Y  =  a 
Z  =  b 


shown  it  is  a  silicate  of  the  SioOy  type,  and  the  formula  should  be  writ- 
ten CaAlo(Si207)  (OH)2.2H20.  Substantiation  of  correctness  of  this 
formula  is  given  by  the  differential  thermal  curve  sho^\Ti  in  figure  3. 
A  large  endothermic  peak  at  641  °C.  and  a  smaller  one  at  744° C.  indicate 
loss  of  water  at  two  different  temperatures,  hence  two  different  types  of 
water  in  the  structure.  The  small  exothermic  peak  at  906°C.  is  apparently 
an  inversion  to  another,  as  j^et,  unknown  structure. 

Mica  Group 
The  mica  group  is  represented  in  the  California  glaucophane  schists 
by  three  members,  muscovite,  fuchsite,  and  biotite.  Of  these  muscovite  is 
the  most  important  since  it  is  one  of  the  most  abundant  minerals  com- 
posing the  rocks  of  the  glaucophane  schist  group.  Fuchsite  and  biotite 
are  found  only  in  small  amount  in  widelj'  scattered  localities. 


w  Op.  cit. 


1 :).')! 


Mi.vncAi.ocv      .^Wl'IV.l  K 


(]■■] 


Tlio  mica  ii.ssocialcd  witli  lawsniiih-  fi-uiii  'I'ihiirini  I'fiiiii.siila  wa.s 
first  (lf.s(M-il»<-il  as  niai-^'arite  (brittle  iiiifu  LToiipi  \,y  KaiisiniH'."  LattT 
it  was  fniiiid  In  ln>  iiornial  iiiiiscoviti'.'-  All  ollii'i-  wliitc  mica  examined  by 
tlic  writci-  ri-uiii  e\-ei-v  i-nck  tyjn-  ill  the  schist  ;rn>ui)  has  alsn  pi-oved  tn  lie 
miiscovite. 

One  comph'te  and  two  partial  analyses  of  innsei.vite  I'l-oni  the  ("ali- 
fnrnia  ^dancdphane  schists  are  now  avaihd>ie.  Tliese  arc  L'iven  in  talth-  7, 
tnjj'ether  with  their  optical  jiropeiM  ies. 


I'llhlr    7.       M  li.srnritf  fiDiii   Ciilifni  iiiii  i/lniiiDpliintr  si-liists. 


1 

18.12 

28.11 
2.10 
0.18 
.'{.SI 
1  .9.-. 
10.. 'jr, 
1.72 

0..'-,2 
10.11 

3 

.Si<  )j 

.\l:n, 

IVu 

CnO 

.Mk(  ) 

Nn'( ) 

]  .(i 

K,(>... 

'.1 . .",.'. 

IIjO 

ino.2.j 

3 

1..5<t7 

(-) 

•1.-)' 

l..'i98 

(-) 

■i.r 

1  .  .-i97 

« >|)t.  c-hur.. 

(    -) 

2V.. 

1'. 

1.  Miisrnvltc — .Tssociatwl  with  lawsniiilo.  Ki'cd's  .St.itinii,  Tihur^n  I'fiiiiisiiln.'  E.  S 
Larsrn,  an.il.vst. 

2.  Mu-seovltc — from  a  inii.^ciivilu-^jl.iiicnpliarip  .>ichlsl.  I'nrtt'r  Crick.  Sdimma  ('oiini\. 
K.  A.  Conycr.  anal.vst. 

3.  Mii.'icovllc— from   (liopsldcKarml   Rranulltc.   Mill   Creek.   Sniinni.i   rniiiity.    I'.    .\ 
Giinycr.  analyst. 

'  Kaklc.  op.  clt. 

There  .scorns  to  ])e  no  essential  din'ereni-e  in  t  he  miiseo\ite  of  ditTcrent 
a.ssociations.  In  fact,  and  contrary  to  what  one  iiiii:ht  expect,  the  iinisco- 
vito  fi'om  a  rock  composed  cut i rely  of  mnscovitc  ami  u:laiic<)j)haiie  contains 
loss  than  Xa-( )  I  han  that  from  a  rock  containing-  no  Ldaiicophane. 

Piimpellyite 

Piimpellyile  was  first  d(>scril)ed  in  l!l"J.'i  hy  I'lihc'lie  and  \';issar  '  ' 
from  the  Keweenaw  Peninsula,  MicliiLian.  Since  then  it  has  hccii  found 
in  several  othei*  localities  in  various  ])arts  of  the  world.  M.  N'onsen  in 
in."{l2  found  pnmi)ell\ite  to  liavt>  widespread  oci-nrrence  in  tli(»  California 
.trlaiicophane  schists. 

The  formula  of  pnmj-iellyite  lias  been  wi-ittcn  in  various  wa.\s.  based 
upon  five  chemical  analyses.  Six  analyses  are  now  available,  but  the  mos! 
recent  one  is  incomi)lete.  'i'hese  analyses,  together  with  ojttical  |n-operties 
are  triven  in  table  8. 


"  Op.  rit. 

'-EaVcIe,  A.  S.,  Xoto.>;  on  lawisotiitc,  coliniibiti-,  licrvl  and  c.ilrito:  t'i)i\.  < 'alifunii;!. 
Dept.  Gt'fjl.  Sci.  Bull.,  vol.  ."..  iip.  .si-fti.  moi;. 

>^  Palaclie,  C.,  and  Va,';.'iar,  H.  E..  Sumo  minerals  of  the  Kt-wf  i-ii:i\vaii  ropp.-r  i!.-- 
posits:  puiniiellyitc,  a  new  mineral  :  sericilo  ;  .'^aponite  :  Am.  ^nneraloRi.^t,  vol.  10,  pp. 
412-41S,  i;i2.1. 
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Figure  4.     Differential  thermal  curve  of  pumpellyite  from  Porter  Creek, 

Sonoma  County,  California 

Calculation  of  the  original  analysis  by  Palache  and  Vassar  ^^  yielded 
the  formula  6CaO.3Al2O3.7SiO2.4H2O.  Irving,  Vonsen,  and  Gonyer  ^° 
showed  that  by  redistribution  of  the  isomorphous  elements  in  cal- 
culation of  the  atomic  proportions  a  formula  could  be  obtained 
which  fitted  the  analyses  more  closely.  Their  formula  was  written 
Ca4Al6Si6023(OH)3.2H20.  Berman^^  since  proposed  the  formula 
Ca4Al6Si6024(OH).H20  in  order  to  indicate  the  similarity  of  pum- 
pellyite to  epidote. 

To  aid  in  the  correct  interpretation  of  the  role  of  the  water  in  the 
pumpellyite  structure  a  differential  thermal  analysis  was  made.  This 
curve  is  reproduced  in  figure  4.  It  will  be  seen  that  there  are  distinct 
endothermic  peaks  at  632°C.  and  748°C.,  indicating  that  water  is  present 
in  part  as  (OH) —  and  in  part  as  H2O.  The  formula  of  either  Irving, 
Vonsen,  and  Gonyer,  or  Berman,  might  therefore  be  correct.  The  necessity 
of  further  structural  study  is  indicated. 

Figure  5  shows  the  total  iron  content  of  the  analyzed  pumpellyite 
given  in  table  8  plotted  against  index  of  refraction.  A  good  straight  line 
relation  is  obtained  indicating  that  the  increase  in  index  is  largely  a 
function  of  the  amount  of  iron  present.  A  smooth  curve  is  obtained  only 
when  total  iron  is  plotted.  Either  ferrous  or  ferric  iron  separately  do  not 
vary  in  a  regular  manner. 

"  Op.  cit. 
«  Op.  cit. 

^''  Berman,  H.,  Constitution  and  classification  of  the  natural  silicates :  Am. 
Mineralogist,  vol.  22,  pp.  342-408,  1937. 
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1 

2 

3 

4 

5 

6 

SiOt 

37.63 

0.41 

27.14 

38.01 
0.21 

25.88 
1.11 
2.90 
0.17 
1.81 

22.70 

1             0.46 

37.53 
0.14 

25.39 
1.74 
2.95 
0.13 
2.65 

22.56 
0.58 
none 

37.18 

36.51 

36.9 

TiOi 

AltO... 

23.50 
5.29 
2.09 
0.13 
3.18 

23.08 
0.19 
trace 

24.11 
3.50 
5.14 
0.15 
4.70 

20.16 

27.7 

FetOi 

1               9.0 

FeO 

3.25 
1.03 
1.47 
21.49 
0.46 
0.08 

MnO...    

MgO 

1.0 

CaO 

22.4 

NajO... 

KiO 

1.4 
trace 
0.19 

NiO 

CiiO 

PjCJ, 

trace 

B,02... 

0.6 

HiO(— ) 

0.12 

7.27 

6.64 

0.09 
6.73 

0.06 
6.28 

HiO(-l-) 

3.67 

100.35 

99.89 

100.13 

100.97 

99.73 

97.6 

a 

1.677 
1.678 
1.690 
0.013 
(+) 
38° 
r<v 
strong 
Y  =  6 
X:a  =  12° 
brown 
colorless 
brown- 
yellow 
colorless 

1.679 

1.680 

1.692 

0.013 

(+) 

40° 

r<v 

strong 

Y  =  6 

X:a  =  12° 

green 

colorless 

pale- 

grecn 

colorless 

1.686 
1.690 
1.698 
0.012 

(+) 

1.698 

1.700 

1.708 

0.010 

(+) 

large 

r<v 

strong 

Y  =  b 

green 

colorless 

green 

colorless 

variable 

e 

1.693 

Y 

to  1 . 726 

Birefr 

Opt.  char 

variable 

2V.... 

variable 

Disper 

r<v 

strong 
Y  =  6 
X:o  =  12° 
green 
colorless 
light- 
green 
colorless 

variable 

Orient 

variable 

Color 

green 

X 

pale- green 

Y 

blue- 

Z 

green 
brown- 

yellow 

Sp.  gr . 

3.22 

3.18 

3.2 

3.23-3.32 

F.    A. 


1 .  Skaggs  Springs,  rallfornla  F.  .K.  Gonycr.'  analyst. 

2.  Porter   Creek,   California.    (The   original   paper   incorrectly   gives   the   locality   as   Mill   Creek). 
Gonj'err  analyst. 

3.  Asahinc.  Tukiknwa-mura,  Titibii-gori,  Saitama  Prefecture,  Japan.'  S.  Taiiaka,  analyst. 

4.  Keewecnaw  Peninsula,  Michigan.  H.  E.  Vassar.*  analyst. 
.').   Kecweenaw  Peninsula,  Michigan.  H.  E.  Vassar.^  analyst. 

6,  Wltwatersrand,  Union  of  South  Africa."  Partial  analysis  by  C.  F,  J.  Van  der  Walt. 

»  Irving.  J.,  Vonsen,  M.,  and  Gonyer.  F.  A.,  Pumpellyite  from  California:  Am.  Mineralogist,  vol.   17,  pp. 
338-.34:>.  1932. 

2  Irving,  Vonsen,  and  Gonyer,  op.  cit. 

•'' Tsuboi,  S.,   Pumpellyite  from   .Asahine,  Tukikawa-mura,  Titihu-gori,   Saitama  Prefecture:  .Japanese  Jour. 
Geology  and  Geography,  vol.  13,  p.  333.  1936. 

*  Pal.Tche  and  Va.ssar,  op.  cit. 

'•  Palacho  and  Va.ssar,  op.  cit. 

"  de  Villiers.  J.  E.,  Opticil  properties  and  crjstallography  of  zoned  pumpellyite  from  Witwatersrand: 
Mineralogist,  vol.  26,  pp.  237-246,  1941. 


Am. 


Pumpellyite  from  the  prlaiicophane  schists  of  California  is  charac- 
teristically twinned.  Tlie  twins  are  .simple  contact  twins,  and  may  be  seen 

only  in  thin  section.  The  twin  plane  is  probably  {  001  }, 

In  the  California  glaucophane  schists  pumpellyite  is  always  a  vein 
mineral,  often  in  sharp,  narrow  veins  cuttinjr  directly  across  the  schis- 
tosity  planes  of  the  rock.  Occasionally  the  veins  are  vufrjry  and  contain 
very  rough  crystals  made  up  of  semi-radiating  sheafs  of  fibers. 
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10 


FeO  + 


^^Z^Z 


Figure  5.     Graph  showing-  relation  of  index  of  refraction  to  total  iron  content 

in  weight  percent  of  pumpellyite 

Pyroxene  (Diopside- Jadeite) 

Depp  jjreen  pyroxene  is  an  al)nn(lant  eonstitnent  of  .several  rock 
t\'pes  in  tlie  ^laucophane  schist  <?roup.  It  is  an  essential  constituent  of 
ulMiicoi^liane-pyroxene  rocks  and  pyroxene-garnet  rocks.  It  is  found  prin- 
cipally in  anhedral  grains,  but  occasionally  as  rough  crystals  projecting 
into  vugs. 

An  analysis  was  made  of  the  pyroxene  from  a  pyroxene-garnet  graii- 
ulite  from  j\Iill  Creek,  Sonoma  County.  It  proved  to  be  a  soda-rich  pyrox- 
ene, a  member  of  the  diopside-jadeite  series  commonly  called  omphacite.^^ 
No  analyses  are  available  of  the  pyroxene  from  the  other  rock  types. 
However,  the  optical  properties  of  the  pyroxene  from  all  rock  types  of 
the  glaucopliane  scliist  group  are  identical,  and  it  seems  reasonable  to 
assume  that  all  the  pyroxene  present  in  these  rocks  is  diopside-jadeite. 

'"  Since  this  paper  was  completed  material  near  the  jadeite  end  of  the  diopside- 
jadeite  series  has  been  found  in  a  number  of  localities. 
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Till'  aiialysi.s  and  u|)li('al  |)ri)|)i'rtios  of  tlu'  Calirornia  (liopsitU'-.jatlcito 
aro  «rivi'n  in  tablo  J),  column  1.  For  comparison  are  given  three  analyses 
of  pyroxenes  from  eelogites  of  Norway. 


Tahic  !).      /Hopsidc-jiidt 

(/(;  from  Cii 

ijuniia  and 

Xoiwai/. 

1 

2 

3 

4 

SiOi 

53.31 
0.26 

10.52 
4.11 
2.84 
0.05 
8.42 

14. .50 
5.90 
0.05 
0.16 

48.61 

14.60 

10.46 

9.66 

13.32 

2.07 

0.42 

.55.56 
0.15 
7.17 
2.82 
2.06 
0.05 
11 .  32 
16.85 
3.92 
0.r,7 
0.08 

54   03 

TiOi 

0  .54 

.\l  lO  a 

1 1   .54 

Kf'iOj 

5  62 

K.-O 

4  (Yi 

.\In(). 

0  05 

MkO 

5   13 

CaO 

1 1   82 

NttjO. 

6.81 

KjO 

0  20 

Hi()l+)...- 

0.29 

100.12 

99.14 

100.55 

100.12 

.ladeite.. 

40 
60 

13 

87 

25 
75 

44 

DioiMide 

56 

a 

*1.673 

1.679 

1.691 

0.018 

(  +  ) 

60° 

Y  =  fc 

Z;c  =  39° 

r>v 

weak 

1.685 

0.018 
(+) 
60° 

none 

1.683 

0.024 

(  +  ) 

67° 

Y  =  6 

Z:c  =  42° 

r>v 

weak 

p.. 

1    (i7't 

Y 

Biref 

Opt.  char 

(  +  ) 

2V... 

82° 

Orient .   __ 

Y  —  b 

Dispcr. .    . 

Z:c  =  4J° 
r>v 

weak 

Sp.gr.- 

3.34  (+0.02) 

3.34 

3.330 

3.305 

1.  Diopsldf-jadclte — from  iiyroxenc-Karnct  giamilitp  nenr  the  Junction  School  Hou.se,  Mill  ('iwli  ar<";i. 
HcaliMitiru  (luadraiiiilf.  California,  F.  .\.  Oiinycr.  analyst. 

l!.   (Impliacitr    from  tclogile  near  Saltkajai-l.  Nnrdfjord.  Norway. ^  I.,.  Ttiomassi'ii.  analyst. 

3.  Omphacili'-froni  I'l'logile  ni-ar  .Silden.  N<irdf.iord,  .\cirway.  I'.  ICskola.-  analyst. 

4.  Ompliaciti-  — fiom  I'cloniti-  near  Vanalvsilalen,  Soiidniori-.  Norway.-'  L.  TlioMiasscn.  analyst. 
•  Indices  of  refrartion  ±  O.Ooii. 

1  Kskola,  P.,  On  the  fc!o«iles  of  Norway:  Vidensk.  Skr.  I  Mat.  Naturv.  Kl..  no.  8.  pp.  1  1  IS.  llilil. 
-  Kskola,  op.  cit. 
■■'  Kskola,  op.  cit. 

Quartz 

Quartz  is  an  abundant  mineral  of  the  <>laneopliane  schists.  It  is  fli;^ 
niajoi-  constituont  of  .some  roclc  tyi)es  of  tlie  schist  fi'rou]).  such  as  <i'aiic()- 
phane-<i-arnet-(|uartz  j;raiiulite,  in  wliidi  it  makes  up  the  fiiie-,i:-raiiied 
granular  <rroiindmass  of  the  rock. 

A  minor  occurrence  of  quartz  in  the  schists  is  as  nanow  veins  of 
milk\-  <|iiartz  cuttiiitr  plaucophane  schist. 

Rutile 

Kutile  is  a  widespread  accessory  mineral  in  the  glaucophane  schists. 
It  is  most  commonly  seen  only  in  thin  sections,  as  .small,  dark,  reddisii- 
hrown  grains,  either  alone  or  associated  with  sphene. 

Rutile  crystals  of  unusual  size  may  develop  in  the  schists.  At  Tiburon 
Peninsula  dark  reddish-brown  crystals  approximately  2  by  20  milli- 
meters, were  found  in  glaucophane  schist.  On  the  .Syke  Ranch,  near 
Laytonville,  ^lendocino  County,  single  crystals  as  much  as  5  by  60  milli- 
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meters  in  size  were  foimd.  The  largest  crystal  seen  from  the  California 
glaucophane  schists,  also  from  the  Syke  Ranch,  measured  2  by  7  centi- 
meters. 

Sphene 

Sphene,  like  rutile,  is  an  abundant  accessory  mineral  in  the  glauco- 
phane schists.  It  is  most  commonly  seen  in  thin  section,  as  small  anhedral 
to  subhedral  crystals.  Occasionally  it  has  developed  into  large  crystals, 
the  largest  seen  being  subhedral  crystals  up  to  4  centimeters  across,  from 
Mill  Creek,  Sonoma  County. 

In  thin  section  the  sphene  is  colorless.  Megascopically  it  is  pale 
yellow  in  color,  often  clear  and  transparent. 

Sulfides 

Simple  sulfides  of  iron  and  copper  are  occasionally  found  in  minor 
amount  disseminated  tliroughout  glaucophane  schists.  Of  these  pyrite  is 
the  most  abundant.  Rarelj"  chaleopyrite  and  covellite  are  found. 

The  best  development  of  pyrite  was  found  on  the  east  side  of  Tiburon 
Peninsula.  Here  an  outcrop  of  actinolite-talc-garnet  rock  contains  sharp 
cubes  of  pyrite  up  to  1  centimeter  in  size. 

The  only  noteworthy  occurrence  of  chaleopyrite  and  covellite  ob- 
served was  on  the  Syke  Ranch,  Mendocino  County.  Here  small,  irregular 
blebs  of  these  sulfides  were  found  in  glaucophane  schist. 

Talc 

Talc  is  a  minor  constituent  of  the  glaucophane  schists.  It  is  found  in 
widely  scattered  localities  as  white  to  pale  green  masses,  with  aetinolite. 
In  the  Mill  Creek  area  it  was  found  as  nodular  masses  of  nearly  pure  tab- 
up  to  2  feet  in  diameter,  in  glaucophane  schist.  This  tale  has  the  following 
optical  properties :  (— )  2V=0°,  a=1.542, 13=1.590,  y=1.590. 

PARAGENESIS 

The  general  impression  gained,  after  even  a  brief  examination  of  the 
California  glaucophane  schists,  is  that  the}-  have  been  strongly  affected 
by  hydrothermal  activity.  They  exhibit  great  variability  in  grain  size, 
their  mineralogy  changes  sharply  within  short  distances,  and  veining 
is  a  common  feature. 

The  80  different  minerals  found  in  the  glaucophane  schists  in  the 
areas  studied  were  not  developed  simultaneously,  but  were  successively 
introduced  over  a  considerable  time  interval.  Evidence  of  the  paragenetic 
history  through  Avliich  these  rocks  have  passed  is  found  in  almost  ever}' 
specimen.  However,  certain  localities  gave  more  abundant  data  than 
others,  and  these  will  be  described  in  the  following  section. 

Mill  Creek  WPA  Quarry 

This  quarry  was  excavated  by  the  Works  Progress  Administration 
in  a  large  outcrop  of  glaucophane  schist  in  the  Mill  Creek  Area,  Sonoma 
County,  a  (|narter  of  a  mile  east  of  the  Junction  School  House,  on  the 
Mill  Creek  road. 

The  main  mass  of  this  large  schist  outcrop  is  diopside-jadeite-garnet 
granulite.  All  other  minerals  present  make  up  a  small  percentage  of  the 
whole.  The  minerals  present,  in  the  order  in  which  they  formed  are : 
diopside-jadeite,  garnet,  muscovite,  hornblende,  glaucophane,  rutile, 
sphene,  chlorite,  and  pyrite. 
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Diopside-jadeite  and  garnet  crystallized  tofrether,  the  garnet  having 
formed  as  eiiliedral  crystals  in  a  granular  groinidnuiss  of  pyroxene.  There 
is  a  small  amount  of  museovite  present,  and  it  is  commonly  coneontiated 
about  the  garnet  crystals. 

A  second  set  of  minerals  is  clearly  later  than  the  main  rock  mass. 
These  are :  hornblende,  glaueophane,  rutile,  sphene,  chlorite,  and  pyrite. 
Those  minerals  are  undoubtedly  later  because  their  occurrence  is  almost 
entirely  restricted  to  uai-row  seams  or  fractures  irregularly  traversing 
the  nuissive  grauulite. 

The  hornblende,  a  bluish-green  variety,  is  seen  in  hand  specimen  to 
be  concentrated  along  narrow  fractures  and  in  thin  section  about  garnet 
crystals,  (ihiucophane  is  also  foinul  along  fracture  planes  in  the  main 
rock  mass  and  has  often  formed  as  perii)heral  zones  about  hornblende. 
Chlorite  is  also  strongly  concentrated  along  narrow  fractures  with 
sphene,  glaueophane,  hornblende,  and  pyrite.  In  thin  section,  chlorite 
can  be  seen  replacing  garnet  and  hornblende.  The  sphene  forms  pale 
yellow  subhedral  crystals  up  to  1  cenlimeter  in  size,  associated  with 
smaller  amounts  of  rutile.  Pyrite  is  common  and  is  also  restricted  in  its 
appearance  to  the  seams  of  late-formed  minerals. 

Occidental  WPA  Quarry 
This  quarry  is  in  the  Camp  Moek(>r  area,  2  miles  cast  of  Occidental. 
The  quarry  was  excavated  by  the  Works  Progress  Administration  and 
.some  very  good  exposures  resulted. 

The  first  impression  gained  upon  examination  of  the  exposures  in 
the  quarry  is  the  intensity  of  the  hydrothermal  action.  Great  variation 
in  rock  type  over  a  short  sjiace  and  an  abundance  of  coarsely  crystallized 
vein  minerals  and  segi-egations  are  a  striking  feature. 

Thirteen  minerals  were  found  in  the  quarry,  and  although  it  was 
not  possible  to  determine  all  of  the  details  accurately,  the  approximate 
sequence  of  mineralization  is  as  follows:  diopside-jadeite,  garnet,  horn- 
blende, museovite,  clinozoisite,  zoisite,  apatite,  actinolite,  glaueophane, 
l)umpellyite.  sphene,  chlorite,  and  pyrite. 

Diopside-jadeite  and  garnet  were  clearly  the  first  minerals  formed, 
crystallizing  together  as  massive,  dark-green  grauulite.  The  garnets  reach 
a  maximum  size  of  2  millimeters  and  compose  -iO  to  50  per  cent  of 
the  rock. 

I'ait  of  the  rock  exposed  in  the  (piarry  is  dark-green  almost  black, 
ma.ssive  hornblende-garnet  grauulite.  This  rock  was  probably  formed  at 
about  the  same  time  as  the  diopside-jadeite-garnet  grauulite.  Some 
glaueophane  is  present  in  the  ampliibolite  in  minor  amounts,  as  thin 
peripheral  zones  about  part  of  tlie  hornblende 

Muscovite  is  found  in  .small  amount,  in  part  uniformly  dispersed 
throughout  the  grauulite.  in  part  concentrated  in  seams.  Clinozoisite  is 
very  abundant,  commonly  in  nearly  pure  seams  and  segregations. 
Disconnected  irregular  patches  of  diopside-jadeite  grauulite  are  present 
in  the  clinozoisite,  clearly  romnants  due  to  partial  replacement.  The 
garnet  of  the  grauulite  remnants  has  been  completely  replaced  by 
chlorite. 

Intimately  associated  with  clinozoisite  are  small  amounts  of  zoisite 
and  apatite.  In  hand  specimen  the  clinozoisite  is  pale  yellow-green  in 
color  and  the  zoisite  colorless.  The  exact  relation  between  them  is  not 
known. 
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Actinolite  was  found  in  pure  concentrated  masses  up  to  20  centi- 
meters in  diameter.  Other  specimens  consist  of  actinolite  and  chlorite, 
and  the  chlorite  is  replacing-  actinolite. 

Glaucophane-clinozoisite-muscovite  schist  is  an  abundant  rock  at  the 
locality.  The  only  certain  fact  known  about  the  glaucophane  here  is  that 
it  is  later  in  age  than  the  hornblende. 

Pumpellyite  was  found  in  one  place  in  the  (piarry,  as  a  narrow  vein 
cutting-  glaucophane  schist. 

Chlorite,  sphene,  and  pyrite  are  found  in  Acins  and  seams,  clearly 
late  minerals  but  their  exact  age  relations  are  not  known. 

Porter  Creek  Pumpellyite  Locality 

Tlie  Porter  Creek  area  is  I  lie  locality  from  wliich  pumpellyite  was 
fii-st  described  in  California  by  Irving,  Vonsen,  and  Gonyer."  The 
locality  is  part  of  a  large  area  of  schist,  a  localized  zone  in  which 
mineralization  M^as  unusually  varied.  The  outcrop  from  which  the  speci- 
mens described  were  collected  is  on  a  serpentine  contact,  near  the 
jiortheast  corner  of  section  1!),  T.  8  N.,  11.  9  AV.,  M.D.,  ITealdsburg 
(juadrangle,  Sonoma  County. 

Eleven  different  minerals  were  found,  and  their  approximate 
sequence  of  mineralization  is  as  follows:  dioi)si(le-,jadeite,  muscovite, 
clinozoisite,  rutile,  sphene,  glaucophane,  ])Hmpellyite,  lawsonite,  albite, 
calcite,  and  quartz. 

The  main  mass  of  rock  is  highly  schistose,  medium-grained  glauco- 
phane-muscovite-diopside-jadeite  schist.  Occasional  imrrow  bands  in  the 
i-ock,  following  the  planes  of  scliistosity,  are  made  up  largely  of  clino- 
zoisite. Other  narrow  bands,  or  layers,  are  cliaracterized  by  a  concen- 
tration of  more  coarsely  crystalline  muscovite  containing  abundant 
glaucophane  needles.  Seen  only  in  thin  section  are  occasional  rutile 
grains  and  more  abundant  grains  of  sphene. 

There  are  several  vein  minerals,  of  which  pumpellyite  is  clearly  the 
first.  It  lias  formed  in  numerous  veins,  either  concordant  with,  or  trans- 
gressing the  planes  of  schistosity  of  the  rock.  Some  of  the  veins  have  even, 
parallel  walls  and  reach  a  maximum  width  of  about  3  centimeters.  Other 
pumpellyite  veins  pinch  and  swell  and  are  not  continuous  for  more  than 
a  few  centimeters.  They  are  frequently  vuggy,  but  no  good  crystals  were 
found.  The  pumpelljnte  is  fibrous  and  the  fibers  are  roughly  perpen- 
dicular to  the  vein  walls. 

The  age  of  the  lawsonite  is  clearly  shown  by  veins  of  lawsonite  cut- 
ting: cleanly  across  pumpellyite  veins.  Composite  veins  of  pumpellyite 
and  lawsonite  are  also  found,  with  lawsonite  always  in  the  interior  and 
pumpellyite  lining  the  vein  walls.  The  lawsonite  veins  are  in  part  parallel 
to,  and  in  part  cutting  across  the  schistosity.  The  veins  have  sharp  con- 
tacts and  reach  a  maximum  width  of  1  centimeter.  Good  crystals  were 
found  in  numerous  cavities. 

On  one  specimen  a  few  small  albite  crystals  were  found  encrusting 
lawsonite  on  the  wall  of  a  small  cavity.  A'ugs  in  the  pumpellyite  and 
lawsonite  veins  are  locally  filled  with  calcite.  One  specimen  showed  a 
vein  of  milky  quartz  cutting  sharply  across  the  plane  of  schistosity  of 
the  rock,  but  revealed  nothing  further  as  to  the  relation  of  the  quartz  to 
the  other  minerals. 

«  Op.  cit. 
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Silica  corbonole 
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POST-JURASSIC   DIASTROPHIC   EVENTS   IN   THE    CALIFORNIA    COAST   RANGES 


CENTRAL    COAST   RANGES 
(after  Toliaferro,  1941) 


SAN  FRANCISCO  AREA 

AND  NORTHERN  COAST  RANGES 

(after  Lawson,  1914 

a  Calif  Div.  Mines   Bull.  118) 


COAST  RANGES 

NORTH  OF  SAN  FRANCISCO  BAY 

(after  Weaver,  1949) 


TENTATIVE  CORRELATIONS 

HEALDSBURG  QUADRANGLE 

(Gealey) 


Upper 


Middle 


Lower 


Upper 


Middle 


Lower 


/Local    folding    and    faulting; 
\   locally    gradati  onal. 


Upper 


Middle 


Lower 


Upper 


Middle 


Lower 


Upper 


Lower 


Upper 


MOVEMENT  ON  SAN  AIIDREAS  FAULT. 


MOVEMENT  OH  SAN  ANDREAS  Ah'D  HAYWARDS 
FAULTS, 


Variable  uplift  and  depresBion,  sub' 

mergence  in  San  Francisco  Bay  area. 


STRONG  CO!  PRESSION,  folding,  thrust 
faulting ;  accentuati  on  of  upper 
Pliocene  orogeny. 


POST-ALAMEDA  DIASTROPHISM  (of 
Lawson),   Major  block  faulting; 
present  range  outlines  determined* 


STRONG  COMPRESSION,  folding,  thrust 
faulting;  uplift  of  ranges. 


/SThOfG  CO.-PRESSION,  folding  of 

Orinda-Sies  ta    and    Petal'jma    for- 
?,    -lations;    uplift    of    ranges. 


Much    land    above    sea    level ;    Santa 
Lucia    and    Diablo    Ranges    higher 
northward. 


Slight    folding,    angular    discord- 
ance   to    11°. 


'IMPORTANT    DIASTROPHISM;    oom- 

preasion,    folding,    uplift,    and 
. erosion. 


Unconformity, 


^^^^^Unconf ormity  usually. 


Emergence ;    slight    folding 
and    faulting. 


Widespread    s  inking  ,    s  ocie 
folding    and    faulting. 


[Marked    discordance;    folding, 
eroa  ion. 


,'  Middle    Miocene    unoonf  ormable    on 
older    rocks    at    Point    Reyes,    Fort 
Rosa,    Covelo;    MAJOR    OROGENY? 


.  Unoonf  ormity. 


CT  Unconformity . 


i^  Unconformity. 


z  o>tn>i^  S 


CT  Unconformity, 


Widespread  withdrawal  of  seas 
marked  break  over  moat  of  Coa 
Hangea . 


U<^ 


Diatur  bance  and  uplift;  moderate 
^  oroa  ion. 


/weak  uplift,  tilting,  probably  fold- 
ing; slight  angular  discordance. 


North  Santa  Lucia  Range  uplifted? 


< 


Weak  upwarping  and  erosion; 

unconformity. 


SANTA  LUCIAN  OROGENY  in  Santa  Lucia 
and  southern  Diablo  ranges;  strong 
folding,  angular  discordance  to  80°' 
.erosion. 


Uncertain 


'MID-CRETICEOUS  DISTURBANCE;  folding 
and  overlap;  Jurassic  and  lower 
Cretaceous  basin  fragmented, 

^Gabilan  Range  raised  and  stripped. 


DIABLAN  OROGENY;  uplift,  erosion, 
overlap. 


< 


Strong  defor-  ational 
movements . 


Slight  uplift  and  renewed  down- 
cutting  by  Russian  River, 


c  ^ 


Slij^ht    subsidence,    drowning    of 
Russian    River    and    valleys    to 
south.       Last    broad    alluvial    flat 
formed. 

Uplift    of    about    200   feet. 

Subsidence    of    150    feet,    terrace 
fill    of    200    foot    level. 

CONTINUED   UPLIFT   -   coastal 
terraces    elevated    to    1520   feet. 


BEGINNING    OF    UPLIFT    OF    RANGES; 
dip-slip   faulting    and  warping    of 
eros  ion    surface , 


Development    of    post-Merced    erosio 
surface? 


Gentle    folding    of    Sonoma-Merced, 


Strong    folding    and    local    thrustin 
following    Petaluma    deposition; 
deep    erosion. 


Pre— Sonoma  peneplanation. 


Earth  movements  of  considerable 
intensi  ty. 


Different ial  minor  crustal 
movement  s , 


Erosion  during  lower  Miocene. 


-No  data— 

7 

No  data 
? 

-No  data- 

? 
-No  data- 

? 


INFAULTING  of  Little  Sulfur  graben 
and  Geyserville  synclino-Fitch 
Mountain  area* 

MAJOR  FOLDING  of  Mesozoic  rocks  on 
N.  70**  W.  trend. 


Subsidence  f  oil  owing  Domengine . 


Minor  deformation  at  close  of 

Domengine  time. 


Differential  downwarping  beginning 
in  early  Paleocene , 


/ 


Local  warpint^    late    in    Chico    time    and 
erosion    to   form    slight    unconformity. 


V. 


Overlap  along  west  s Ide  of  Sacramen- 
to Valley  and  within  ranges , 


^Late  middle  Cretaceous  dlastrophism.  -' 


WarplnJ  of  Knoxvllle  before  upper 
Ci'etaceouB  deposition. 


DIABLAN  OROGENY;  uplift,  erosion, 

overlap. 


Slight  elevation  western  part  of 
Coast  Range  basin  during  Knoxville 
epoch , 


